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A RegionalModel Study of the OzoneBudgetin the EasternUnited States

S. A. McKE~i,’E.-Y. Hs~,’M. TRAD4ER) R. TAa~’a~Ju,1AND S. C. Lxu

Aeronomy Laboratory,EnvironmentalResearchLaboratories.National OceanicandAtmosphericAànlnisrraüon,Boulder, Colorado

In orderto betterunderstandthephotochemicaland meteorologicalprocessescontrolling regionalscaleair
quality problemssuchasozoneformation, we havedevelopeda three-dimensionalEuletianmodel andapplied
this model to a high-pressureperiod(July 4 toI~y7, 1986)overtheeasternUnitedStates.Meteorologicaland
physicalvariablesfrom athree-dimensionalprimitive-equationmodelareusedto drive thetransportparameters
over a grid with 60x60km

2
horizontalresolution,and15 unequallyspacedverticallayers extendingfrom the

groundto roughly15 km. The treaurtentandincorporationof thedynamicmodel,thetransportmodel, surface
deposition,emissionof anthropogenicand natural 03 precursors,the chemicalmechanismfor 35 individual
species,solarradiation and the numericalmethodsare discussedin detail. Modelperformanceis testedby
comparingmodelpredicted0~concentationswith observationsfrc.n theU.S. En~iromnenta1ProtectionAgency
ozone-monitoringnetwork. Although a significant correlationbetweenmodel and observed03 is found,
systematicdiscit~desalsoexist andare discussedin relationto thebasicmodel formulation,andvariability
in the observed03. Additicoaily, a comparisonof dine-averagedNO5 and anthropogenicnonmethane
hydrocarbon(NMHC) concentrationsto relatively long term observationsprovidesa qualitativeassessmentof
themodel’s ability to simulatecertainaspectsof these03precursorsfrom thefew availableobservations.The
model is usedasa diagnostictool to analyzevarious aspectsof regionalscale03 formationandthe budgetsof
theprimary 03 precursors. Ozoneformation overmuchof the continentalmodel domainis shownto beNO

5limited. On theotherhand, for midday NO: levelsgreaterthanabout4 or5 ppbv, 03 formationis gencrafly
suppressedbecauseof the low N?vTHC to NO

5
ratios (I to 7) thatatecharacteristicof the emissionsinventory.

Regional-scalebudgetanalysesshowthat very little NO
5

or NMHC is transportedto thefree tropospherefor
thehigh-pressureconditions of this study and in the absenceof a significant subgrid-scaleverticalmixing
process(i.e.. efficient cumulustransport). We calculateanetturnovertime of about1.5 daysfor continental
03 below 18~m with in situ photochemicalformationbeingbalancedby photochemicalloss andtransportoff
the American continent The results of this work are intendedto serve as a baselinefor further model
development.

1. LNnonucnoN

Ozoneis akey speciesin thetroposphericphotoohernisny.It
is a prerequisitein the produodonof hydiuxyl radicals [Levy,
1971], which control the chemicalcyclesof manyreducedgases
in the atmosphere[Weinstockand Niki, 1972; Wofsyet al., 1972].
Without thepresenceof ozone,theamountof reducedgasesin the
tropospherewould be substantiallyhigher than their present
concentrations.Onthe otherhand,ozoneis oneof the majorair
pollutants that, in high concentration,can endangerhealthand
damageplants [National AcademyofSciences,1977; Hecket aL,
1982; Reichand Amundson,1985]. Tn addition, becauseof its
absorptionof the infrared spectrumnear 9.6 mm, ozoneis an
important greenhousegas. Perturbationof troposphericozone,
particularlyin theuppertroposphere,mayhavesignificantclimatic
effects[Fishmanat at., 1979a;WangandSze,1980].

High concentrationsof ozonearefrequentlyobservedoverlarge
rural areasin the industrial countriesduring thesummermonths,
especiallyunder high-pressuresystems[ag- Cox at a!., 1975;
ResearchTriangleinstitute, 1975;Vuk.ovich at at.,1977;Guicherit
andVanDop, 1977]. Although there is a consensusthat thehigh
ozoneconcentrationsare dueprimarily to anthropogenicactivities
[e.g., Fehsenfeldet at., 1983]. it is not clear quantitativelyhow
muchvarioussourcescontributeto the rural ozone. Potentially
significant sources for rural ozone include photochemical
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productionfrom anthropogenicandnatural precursorsand direct
transportfrom the stratosphere. The precursorsinclude NOr
hydrocarbons,and CO. The emissionsof these precursorsare
usually widely scattered. As a result, the distributions of the
precursorsdisplayahigh de~-eeof variability overspaceandtime
[e.g., Logan, 1983; Fehsenfe!det al., 1988]. Slice ozone
productiondependsstronglyon the distributionsof theprecursors
andtherelationshipbetweenozoneproductionandconcentrations
of precursorsis highly nonlinear[Dodge. 1977;NovandDerwent,
1981;Liu et at., 1987], it is necessaryto includerealistic transport
processesto evaluatethe budgetand distributionof ozone.

Therehavebeenseveralthree-dimensionalmodeling efforts to
include adequatetransport and photochemicalprocessesin
studyingruralozonebuildupandotherregionalpolludoaproblems
suchas acid deposition[Lamb, 1983; Liu at at., 1984; C/rang at
at., 1987]. With a threelayermodel,Liii at aL [1984] wereable
to get a reasonablygood agreementbetweencalculated 03
concentrations and observedvalues of the Sulfate Regionni
Experiment(SURE)projectin the easternUnitedStates[Mueller
and Watson, 1982]. However, comparisonsof calculated and
observedvalues of NO2, NO, and ~°2 were not satisfactory.
They attributed the discrepancyto the short lifetimes of these
speciesand thelimited spatial resolutionof themodel.

In order to study the photochemists-yof rural ozone and
transformationof acidprecursorssuchasNO5 andSO2,we have
developeda three-dimensionalregional air quality model. The
model consists of two major components: the mesoscale
meteorologicalmodule (MM4) andthe air quality module. The
general approachused in our model is similar to that of the
regional acid deposition model (RADM) developed by the
NationalCenterfor AtmosphericResearch(NCAR) [Changat aL,
1987].

0.809
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In the following sections.we first describethe structureof the
model, thenumericalmethods,emissioninventory.photochernical
schemeandthe boundaryconditionsassumed.We thenpresent
a model study of the rural ozone buildup during a high-pressure
period (July 4 to 7, 1986) in the easternUnited States. This
periodwaschosenbecausetheclear sky and stagnantconditions
were conduciveto photochernioalproductionof O~.providing an
excellentoptorturrity to studythe photochemisayandtmnsportof
03 andits precursors.

We will comparetheO~levelscalculatedby the modelto those
observedby the U.S. Environmental ProtectionAgency (EPA)
ozonenetwork[(IS. EPA. 1987]. Comparisonof thedistributions
of 03 precursorscalculated by the model. i.e., NO5 and
nonmethanehydrocarbons(NMHC). to observed values can
provide an important test of the photochexrsicaland transport
processesin the model. Unfortunately, thereare few reliable
measurementsof NO5 and NMHC over the rural areasof the
easternUnited States, Measurementsin urban centersarenot
useful for comparisonwith the model becauseof the coarse
resolution (6Ox60 kin2) Finally, an analysis of midday
photochemical03 formationandtheregional-scalebudgetsof 03
and its precursorsarepresentedas illustrationsof the resulting
photochemicalconditionsdeterminedby theair quality modeland
the mostrecentNationalAcid PrecipitationAssessmentProgram
(NAPAP) emissionsinventory.

In addition, an extensive data baseof 03. NOr HNO3,
peroxyacetylnitrate(PAN), naturalandanthropogenicNMHC, and
other related species was obtained at a rural site (Scotia,
Pennsylvania) during this period. This allows a detailed
examination of the photochernicalprocessesthat govern the
relationships between 03, its precursors, and other key
photochemicalspecies. A companionpaper (M. Trainer et al.,
manuscriptin preparation,1991)will addressthissubjectin detail.
Thepresentstudy will focus on theregional aspectof 03 andits
precursors.

2. Mona.DEsca0TIoN

Themodel system(Figure1) containstwo major components:
the dynamic andair quality models. The air quality model then
consists of two components; a transport model and a
photochemicalmodel. Following C/rang at aL (1987], the
dynan-dcmodel is runoff-line, andgeneratesmeteorologicaland
physical variables that are used as input for the other 2
components. This section describesthe treatmentof various
processeswithin eachmodel component,andhow the predictive
equationsare solved.

2.1. TheDynamicModel

2.1.1. The PennState/NCARmesoscalemodel(MM4) system.
This dynamic model is a three-dimensional, hydrostatic,
compressible,primitive-equationmodel[Anthesat aL, 19871: The
vertical coordinateof the model is the terrain-following sigma
coordinate

P Pr

P.

wherep~= (r’~- ps),p is the pressureat thea level,PS is surface
pressure,andp~is thepressureat thetop of themodelatmosphere
(100 mbar). The prognosticand diagnostic variables of the
dynamicmodelarelisted in Table 1. Themodeldomainis shown
in Figures2athrough2c,andcoverstheeasternpartof theUnited
States. Thereare48 grid cells in the east-westdirectionand36
in the north-southdirection, correspondingto 60x60 km2 grid

TABLE 1. MeteorologicalDataGeneratedby the DynamicModel

Variable Delmition

PrognosticVariables
ii east-westcomponentof velocity
V north-southcomponentof velocity
T temperature

watervapormixing ratio
cloudwatermixing ratio
rain watermixing ratio
surfacepressureminus 1CC mbar
groundtemperature

DiagnosticVariables
verticalvelocity in acoordinate
horizontaldiffusion coefficients
vertical diffusion coefficients
mixing coefficients
total rainfall

h PBLheight
KrBL levelof PBL
ii frictional velocity
H

0
sensibleheatfluxes
Latentheatfluxes

AncillaryData Commonto Dynamic,Chemicaland TransportModules
terrainheight
Irid usecategories
mapscalefactorat concentrationpoints

nt
4

mapscalefactorat velocitypoints
f coriolis parameters

latitude of the grid points
longitudeof the grid points

resolutionon a Lambert conformalmap projection. The model
has15 vertical layers, andaBlackadarplanetaryboundarylayer
(PBL) parameterization[Zhang and Anthes, 1982] is usedin the
simulations. Half of the vertical layers are concentratedin the
lowest2 kin of themodelatmospherein orderto resolvethePBL
(Table 2). Theexplicit moistureschemeof Hsie et aL [1984) is
usedto calculatethemoisturecycle, whichis necessaryfor cloud
waterandrainwaterforecastsandthephotolysisratecomputations
discussedin section2.3.3. Resultsfrom the dynamicmodel are
savedfor incorporation into the chemical and transportmodels
every30 miii.

Full a
Levels

Half a
Levels

Thickness,
m

Heightff
m

Pressure,t
mbar

0.0 0.05 4100 13840 145
0.1 0.15 2574 10681 235
0.2 0.25 1895 8538 325
0.3 0.35 1552 6833 415
0.4 0.45 1323 5406 505
0.5 0.55 1157 4172 595
0.6 0.65 1033 3081 685
0.7 0.74 754 2193 766
0.78 0.81 531 1555 829
0.84 0.865 422 1080 878
0.89 0.91 325 707 919
0.93 0.945 237 426 950
0.96 0.97 155 230 973
0.98 0.985 77 115 986
0.99 0.995 76 38 995
1.0

Basedon U.S. StandardAtmosphere(1976).
fAssurnedsurfacepressureof 1000 mbar.

TABLE 2. Vertical Structureof theThree-DimensionalModel

(1)
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Terrain data
at 1 or 10 mm NMC global
resolution analysisLand-use

da~Q~p

Output every .5 hr

MSGRL

Rawinsode data
or other

observations

Objective
analysis

nditions

Output every
12 hr

Meteorological data
(u,v,T,q,p,...)

Initial conditions
of chemicals

Emission data

every 2 hrs

Various analysis programs

Fig. 1. Schematicstructureof themodelsystem. Majormodulesareheavily outlined.
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2.1.2. Synopticdiscussionand model simulation. We have
chosena particular4-day period (July 4-7, 1986) to correspond
with a field experiment conductedby the NOAA Aeronomy
Laboratoryat Scotia, Pennsylvania,for which high (>100 ppbv)
03 concentrationswere observed. The initial and boundary
conditionswereinterpolatedfrom NationalMeteorologicalCenter
(NMC) analysis with a successivecorrection technique and
enhancedwith rawinsondedata.

Thesynopticscaleconditionsfor themodelinitial time (00UT,
July 4, 1986) are dominatedby a high-pressuresystem (1019
mbar) centeredin westernPennsylvania,which moves slowly
towardthe south-southeast.The main areasof precipitation are
associatedwith a cold front from a low-pressuresystem in the
Atlantic Oceanwhichpassestheeasternseaboardontheprevious
few days, and extendsthrough the Florida peninsula. Ancther
low-pressuresystemis locatedin the southernCanadaandDakota
areasto the westof themodeldomain. Thelow-pressuresystem
overCanadaeventuallyintensifies(centerpressurereaching985
mbar as 12 UT, July 6, 1986) and moves toward the north-
northeast.Themajorprecipitatingareasin the simulationperiod
are aroundthe fronts associatedwith this developinglow and
locatedto the north of Pennsylvania,as well as on the southern
rim of the high-pressuresystemwhich brings moist air from the
Atlantic into the Carolinaregion. During the simulationperiod,
the easternUnitedStasesis either dominatedby thehigh-pressure
systemor locatedin the warm sectorof the low-pressuresystem
in Canada. On thelast day (July 7, 1986), a short wavepasses
throughthe eastcoast,but no si~tificantweather is associated
with this wave. At the endof the simulation period(00 UT, July
8. 1986) the frontal systemextendsfrom thenortheasternUnited

States,throughthe GreatLakes,Wisconsin.andMissouri toward
the Texas panhandle. The southeasternUnited Statesis still
controlledby thehigh-pressuresystemjust off the eastcoast.

Figures2aand21’ showthesimulatedandobservedwind fields,
respectively,for thesixthmodellayer abovethesurface(a=O.865
or —880 mbar) as 00 UT, July 7, 1986. The model simulatesthe
weatherpatsernvery well. Both figuresshowanticyclonic flow
within the domain and a smaller anticyclonic feature in the
northwestcorner at this level. The most obviousdiscrepancies
betweenthewind fields occurwhen the observedwinds are light
and variable. Thus the predicted center of the large-scale
anticycloneis about180 km northwestof that inferred from the
observations,andsmaller-scalefeatures(i.e.. cyclonic curvaurre
overAlabamaandGeorgiaandimbeddedanticyclonic curvature
overcentral Kentucky)areabsentin the model-predictedwinds.
Figure2c showsthe cloud optical depthspredictedat the model
surfaceaveragedfrom9 an. to 5p.m.EST (1400to 2200UT) on
July 6, 1986, alongwith thepositionof thesurfacewarm andcold
fronts from the NMC analysisassociatedwith the Canadianlow
pressuresystemat 2100 UT. Details on how the opticaldepths
aredeteuninedwill be discussedin the photolysis and radiation
section (section 2.3.3). However, Figure 2c illustrates the
coincidencebetweentheobservedfrontal locationsandthemodel-
predicted cloudinessassociatedwith the synoptic featuresjust
described.

Thereasonthat the modelsimuLation for this periodis carried
out only 4 daysis relatedto the synopticsituation, to the focus of
ourstudyon photochemical03 formation in the lowest2 or 3 kin
of the troposphere,and to the lifetimes of the key species
important to 03 photochemistiyin this altitude range. For this

Fig. 2a. Themodel-predictedhorizontalwind field at thetenth model level (avengepressure= 880 mbar),at 1200 UT. July
6 198& Smallincrementsare5 m s~,largeincrementsare 10 m s~.
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Fig. 2b. Thehorizontalwind field at about880rnbarat 1200 UT July 6, 1986, derivedhorninterpolationof theNWS radiosonde
observations.

Fig. 2c. Modelderivedcloudoptical depthsintegratedfrom thesurfacelevel to 15 kin andaver-agedfrom 1400 to 2200 UT July
6, 1986. Also shownarethe observedfrontal locationsasgivenin thesynopticNMC analysisfor 2100 UT July 6, 1986.
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meteorologicalsituation, the centerof the high pressuresystem
movesout of the majority of the model domain on July 7, 1986
with a surface low-pressuretrough extending down the entire
easternseaboardthroughGeorgiaandAlabama. Furthermodel
calculationis equivalentto starting thesimulationoverwith anew
air massdefinedby the boundaryconditionsand is thereforenot
relevant to the primary focus of this study. i.e., 03 formation
under a single well-defined high-pressuresystem. In order to
minimize the influenceof initial conditions,the model should be
run over a periodof time that is longerthan the photochemical
lifetimesof thekey species. As is shownin the 03 budgetsection
of this paper,the photoohemicallifetimes of ozoneandits major
precursorsaveragedoverthe lower 2 km areall less than3 days.
Our simulation~thereforespan a long enoughtime to allow
regional03 to build up photochemically.

2.2. The TransportModel

In sigmacoordinates,the continuity equationfor achemically
reactivespeciesbecomes[Halsiner, 1971]
3p’~__3ptY~ 2~

P~L+ ap’x + *(p_]~,~ (2)
_____ - ~ m -~rsub~id P X

wherex is the speciesmixing ratio, P and L aremixing ratio
productionandloss tents due to chemistry, Q. is the horizontal
wind speedin sigma coordinates,m is the map-scalefactor and

is the rectilinearhorizontal gradient operatoron constanta
surfaces.The speciesthat aretransnorted,andthe formulationof
the chemical production and loss terms are discussedin the
following section. In additionto the wind field, theMiM4 model
alsoprovidesthecoefficientsassociatedwith subgrid-soalemixing.
These variables include horizontal and vertical diffusion
coefficients and Blackadar planetary boundary layer mixing
parameters[Blackadar, 1979], all u$atedat half-hour intervals.
The treatment of transport and numerical integration is very
similar to thatof C/rang a aL [1987], exceptin thedescriptionof
convectivetransportwithin the active PBL. The horizontal and
vertical diffusion tendencyterms areexpressedas

- 2 -v_KxV~X
horizootal — m ~Odiffusioa m

~PX ~ K~
~— verticat — —r(P z~

Ut diffusion ~tJZ cjz

where is the horizontal gradientoperatoron constantsigma
surfacesandp is the air density. Horizontaldiffusioncoefficients
(4.) are calculated according to wind shear derived in the
dynamicmodel [Smagarinsicyet aL, 1965]. Although horizontal
diffusion is considered,for reasonsto bediscussedwith regardto
numerical integration, the diffusion coefficientsderived in this
manner are usually small in comparisonwith the numerical
diffusion inherentin the advectionscheme.

A mixing scheme[Bloc/cedar, 1979;Zhang andAnthes.1982]
is usedto computethe tendencytentwithin the PBL during free
convection:

mixing

where; is the mixing ratio at the lowest model level. The
tendency at the lowest model layer is calculatedfrom mass
conservation.Themixing parameter,n~,asdeterminedby MM4,
averagesaround2 x l0-~~ andthetendencytermof equation
(5) usually dominatesall other transporttermswithin the active
PBL. Although the averagepeakheight for continentalareasat

5p.m. is roughly 1.4 km. maximumPEL heightsashigh as 2km
over relatively dry, cloud-free regionsare predicted by MM4.
PBL heightsaslow as 70 rn arepredictedoverthe ocean,with a
diurnal averageof — 200 m. The PBL height is depressed
significantly by thepresenceof cloudsandis assumedto be zero
at night overland.

2.2.1. Numerical merhodr. The transporttendency due to
advectionis calculatedaccordingto the iteratedupstreamfinite
differenceadvectionalgorithmof Smolarkiewicz[1983,1984]with
one correctivestepandcross termsincluded. This algorithm is
positive definite, mass conserving (CDC Cyber 205 machine
accuracyof—i partin 1012,singleprecision),andcomputationally
inexpensive but possessesthe undesirable characteristic of
appreciable numerical diffusion due to inaccuracies in the
numericalaporoximationsof spatialandtemporalgradients[Bras:
etaL, 1988]. We havepreviouslyanalyzedthis numericalscheme
andquantified the numericaldiffusion associatedwith horizontal
advectionfor realmeteorologicalsituations. Numericaldiffusion
is directly relatedto wind speedanddirection, as well as to the
magnitudeof the concentrationgradient. For ourmeteorological
case,we esthnateanaveragehorizontaldiffusioncoefficient(due
to numericaldiffusion) of —2x105m2-s1below3 len, increasing
to —7x105 m2-st at 10.5 km in the limiting caseof extremely
sharp gradients. Thesevaluesareat leasta factor of 10 greater
thanhorizontaldiffusion coefficientsderivedfrom observationsof
point sources[Gifford, 1982] andon the averagearealso abouta
factor of 4 larger than thecoefficientsderivedaccording to wind
shear [Smagorins/cy a al., 1965], The numerical diffusion
introduced by the advection algorithm certainly introduces •a
degreeof uncertainty in the predicteddistribution of 03 andits
precursors,particularlyfrom strongpointsources,However,since
horizontaldiffusion is typically of secondaryimportanceat higher
altitudesbecauseofhigherwind velocitiesandboundarycondition
dependence[Bras:, 1988] and is of secondaryimportancebelow
—3 km becauseof the dominanceof verticalmixing [Bras: et al.,
1988], numericaldiffusion introducedby the advectionalgorithm
is probablysecondaryto other uncertaintiesin themeteorological
and chemical variables. This same conclusionhas also been

(3) drawnby otherswho haveusedor testedthesamealgorithm(eg.,
Ka a at., 1985; Rapd, 1987] for stratosphericconditions. Itt
relation to the comparisonof observedandmodel-predicted03.

(4) we presentevidencesuggestingthatuncertaintiesinpamameterizing
vertical exchangeby cloud transportarea limiting factor in the
model’sability to reproduceobserved03.

The sum of advection,diffusion, andmixing tendencyterms
comprisethe net transporttendency,whichis calculatedwith a
150-s time step. The tendenciesdue to vertical diffusion in
equation(4) (abovethePBL andin stableregimes)arecalculated
explicitly with the 150-stime step, or sufficient subiterationsto
ensurenumericalstability. Similarly, thetendenciesdueto mixing
(equation5) areexplicitly calculatedfor a 150-stime stepusing
subirerationsthatensurebetterthan 10% accuracyin comparison
to exactanalyticalsolutionsof equation(5).

2.2.2. Treatmentof deposition. A flux boundarycondition for
species known to undergo significant surface deposition is

(5) includedin the model.Theflux to thesurfaceis theproductof the
concentrationat the first level (pt) andthe depositionvelocity at
the surface(v

4
). Following the formulation of WesleyandHicks

[1977], the inverseof the depositionvelocity is theresistanpeto
deposition,andis thesum of the aerodynamicresistance(ru) and
thesurfaceresistance(r,). The surfaceresistancesareassumedto
beinvariantwith time, andadoptedvaluesarelistedin Table3 for
thosespeciesthat aredeposited.



McKa~~ar M~REGIONAL Mcoa 5mt~oF03 IN EAsTERN UxiTno STATES 10.815

TABLE 3. RedprocalSurfaceResistancesfor TransportedSpeciesThat
Are Deposited

Species ReciprocalSurfaceResistance,cm

03 0.5
NO2 ~4
1~4O~
l1z0~
CH300H

10.0
0.5
0.5

CH2O 0.3
CII3CHO
PAN

03
13 •

SO~ 0.3
PPN as
MEK 0.3
RCHO 0.3

‘03 depositiotivelocity reducedto 0.1 an s~overwatersurfaces.

Theoriginal formulafront WesleyandHicks £1977] is valid in
the lowestfew metersof the boundarylayer. We usethe same
formula to computethe aerodynamicresistance,andassumethat
this value(r

0
.~)is valid for a thin layer from groundup to 1 m

r =

kit’
(6)

where r is height (taken to be I m), z~is the roughness length
(dependenton land usecategory,Table 4), k is von K.arman’s
constant(0.4) anda’ is the friction velocity. The nondimensional
concentrationstratification function O0 can be assumedto be
equal to the thermalstratification function ó~and is calculated
accordingto Busingeret aL [1971]by

Neutralconditions

Stableconditions

Unstableconditions

= 0.74

= 0.74 + 4.7(L)

= 0.74(1. —

The aerodynamic resistancefor the rest of the lowest model
layeris computed by

C dz
= J r

a

where z~is the height of the lowest model layer. So the total
aerodynamicresistancer

8
is the sum of r~andrs. By definition

of thevertical diffusion coefficient in the surface layer,

~ kit’s

theaerodynamicresistancefor theupperlayerr~canbecomputed

Neutral conditions

StableConditions

Unstableconditions

ln(z~)
= .74

kit’

r~= .74...L!i + ~ @1 — 1)
kit’ Lku’

74
hi(z

1
) hi ~l+u_9zlIL)1all

— __________

I+(l-9/L)~ jj
Table 4 gives the roughnesslengths for eachland usecategory
specified witlt the MM4 model [Anther a al., 1987], used in
calculatingequation(6).

2.3. Treatmentof Chemistry

The chemicalspeciesand reactionsconsidered in this study are
essentiallythoseof Trainer etal. [1987a]. The speciesconsidered
are listed in Table 5, along with the solution method for
determiningthe concentration.Thosespeciesthatare transported
haveappreciablylong chemicallifetimes,andthe tendencydueto
transportfor these species is calculatedas discussedin the

L is theMonin-Obukhovlength,given by

L=_Tht

where~Wt’~is the surface heat flux, g is accelerationdue to

gravity andT is temperature.

TABLE 4. RoughnessLengths for DifferentLand Use Categories

Land UseCategory RoughnessLength r0. an

Urbanland 100
Agriculture 15
Range-grassland 12
Deciduousforest 100
Coniferousforest 100
Mixed wetland + forest 90
Water 0.00001
Marsh 20
Desert 10
Tundra 10
Permanentice S
Tropicatforest 150
Savannah 15

TABLE 5. ChemicalSpeciesConsidered,and Methodof Determination

DeterminationMethod Species

Speciesthat ubdergo
transportandchemical
integration

.

o’, NO), flN0
3

, H
2

0,,CH
3

00H,CO.
iscprene+ a-pinene,CH

2
O,CH

3
CHO,

PA_Nc, higher-alkanes(>C
4

), SO~,butanes,
ethene,higher-aikenes(>C

2
), PPNd,MEK,

RCHC~’

Speciesdeterminedonly
by chemicalintegration

OH, HO2, ERO2,NO3 + N205, H02N02,
NO + NO2

Speciesdeterminedby
equilibrium conditions

O’D, 03, NO, NO2, NO3, N2O5, HONO,
individual RO2, CH200, CH3CHOO

Speciesheld at fixed
mixing ratio

H2 (500 ppbv), Cu4 (1-64 pprnv)

+ NO2 + 2N0
3

+ 3N2O5+ HO2NO2.
~NO+ NO

2
+ NO

3
+ 2N2O5÷H02N02+ HONO.

CCHCOONO
dCEH COO NO
tMethyl~y&etone

1
C

2
H

5
CHO.8

CH
3

COO
2

+ CH
3

O
2

+ C
4

H
9

O, + C2H4OHO2 ÷C3H6OHO2 +

C
2

H
5

COO
2

+ C
2

H
4

O
2

COCH
3
±C2H5O,.
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precedingsection. Speciescalculatedwith the quasi-steadystate
approximation(QSSA) [Hesstvedtet at, 1978) have chemical
lifetimesshortenoughthat teens err haslittle effecton their
distributionsbut long enoughthatphorochemicalequilibrium may
notbe achievedwithin the 150-stime stec. O’D, theratio of NO
to NO2, and the Creigee intermediates are assumedto be
controlled by photochemicalecruilibrium. For computational
efficiency, use is madeof species~ouping [Lire, 1977].

Only gasphasephotochernistyis consideredwithin themodel
formalism. Although aqueousphasechemistry is necessaryfor
modelapplicationsrelatedto aciddeposition[Chang et at, 1987],
our emphasisin this studyis on photochernicaloxidant formation.
A recent publibasion by Lelieveid and Crutzen [1990] has
addressedthe importanceof cloudchemistryto global models of
03 and related precursors. Although this study shows that
aqueouschemistry can lead to reductionsin net 03 formation
between1,5 and3 kin for suirtrner northern hemispheremid-
latitude conditions with NO~levels typical of anthropogenic
influence, thesereductions becomesignificant only over time
scaleslonger thanthe 4 dayperiodsimulatedin ourmodel. With

a typical air masscycling frecuencyof —3 hoursin cloud,and16
hours in cloud free regions assumedin their study, and the
additional inclusionof N205 loss to clouds,the authorsfind anet
03 formation decreaseof —1.5 ppbv d’ averagedover daytime.
Such changeswould haveonly a minor impacton our predicted
03 below 2 Ion over the 4-day period. Furthermore,ourmodel
does include N2O5 loss (to aerosols),which accounts for a
significant fraction of the net 03 formation decreasein the
Lelieveld and Crutzen study. The choice of a high-pressure
systemfor oursimulationsadditionally minimizesthe fractionof
themodeldomain expectedto be influencedby clouds.
23.1. Anthropogenicandnatural emissionsinventory.Themost

recentNAPAP inventoryfor 1985 [U.S.EPA, 1989) is utilized for
anthropogenicN0~andNMHCemissions.Summertime,weekday
conditionswere assumedthroughout the 4-day simulation, with
valuesbeingupdatedhourly. Although the 4-dayperiod wasa
weekend,we did not use the weekendemissiondatabecauseit
was a July 4 long weekend. Thereis uncertaintyin how this
holiday conditionwould fit into thegiven emissionclassification
of typical weekday, Saturday, or Sunday. Average NO~

-2VOC)arein units of l&~moleculem s~’
to thefractionof areaenissionsdueto mobile sources

CVOC emissionsare in nanogramm2 ~
dNumbers in parenthesesrefer to NAPAP OH reactivityclassesin units of lO~ppmtmirf*
‘Emissionsof speciesfrom CH4 to NH3 axe not includedin themodeL

TABLE 6. NAPAP EmissiceInventory (Averages)for U.S. Land AreaWithin theModel Dc.nain

Species
Total
Emission5 Area

Emission
Point
Emission

Mobile Lumped
Fmaction& Species

NO 17.9 9.2 8.67 0.683
NO2CO

0.826
8L9

0.495
73.1

0.331
gig

0.669
0.754

VOC 158.0 140.0 17.6 0.620
SO2Alkane(0.25.0.5)d
Other(O.2S-0.5)

18.0
1.19
1.02

1.28
1.12
0.92

16.8
0.067
0.096

0.265
0.649 butane
0.000 J

Alkane(0.5-1) 1.26 1.17 0.088 0.624
Alkane(1-2) 1.18 1.04 0.140 0.444)
Alkane(>2) 0.133 0.124 0.0)9 0.293
Other(0.5-l) 0.888 0.817 0.071 0.008
Other(>l) 0.238 0.201 0.036 0.038 higher-alkanes
Alkane/Aromatic 0.108 0.086 0.023 0.199
Aromatic(.c2) 0.758 0.616 0.142 0.394
Aromatic(>2) 0.808 0.734 0.074 0.569
Ethcae 1.26 1.16 0.103 0.454 3 ethene
Propene 0.162 0.132 0.030 0.141 .

Primaryalkene
Internalalkene

0.223
0.518

0.206
0.499 .

0.016
0.018

0.448
0.654

propene

Prim/let alkene 0.097 0.091 0.006 0.039
CH2O
Higheraldehyde
CH4~

0.439
0.158
5.04

0.366
0.138
4.46

0.073
0.020
0.585

0.338 3 CH2O
0.205 ) CH3CHO
0.467

Ethane 0.410 0.348 0.062 .0.452
Propane 0.413 • 0.364 0.048 0.323
Benzenes 0.272 0.218 0.054 0.035
Phenoljcresol 0.031 0.174 0.132 0.000
Styrenes 0.092 0.076 0.016 0.000
Acetone 0.114 0.080 0.034 0.000
Higherketone 0.115 0.074 0.041 . 0.000
Organicacids 0.048 0.040 0.0)9 0.000
Acetylene 0.330 0.278 0.052 0.469
Haloalkenes 0.145 0.134 0.011 0.000
Unreactive 0.170 0.140 0.030 0.000
Other(c0.25) 0.178 0.123 0.055 0.000
Unidentified 0.397 0.383 0.013 0.857
Unassigned 0.232 0.202 0.030 0.008
NH3 2.61 2.03 0.572 0.156

0A11 emissions(except
bMobile fraction refers (i.e., automobiles).
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emissionsfor a typical SaturdayandSundayareonly —10% and
20% below typical weekday emissions,while averageNMHC
emissionsare reduced24% and 35% [US. EPA, 19891. Since
uncertaintiesin the emissionsof thesespecies,regardlessof the
day-of.weekclassification,are muchhigher than theseohanges,
andmoretraffic is expectedfor aholiday weekendthan atypical
weekend, we have chosen to adopt the weekday emissions
scenario. Table 6 gives the diurnal averagesof the various
NAPAP emissionclassesoverthe continentalregionof themodel
domain, as well as the partitioning of these sourcesinto the
speciesusedwithin themodel. The NAPAP inventoryis divided
betweenemissionsfrom height-resolvedindividual stacksor point
sources(-34,000 individual points within the study area), and
mobile ornonmobileareasourcesaveragedOver 1/4°longitudeby
1/6°latitude (—20x2Oknl2) grids. Mobile areasourcesrenresent
emissionsdue to all forms of motorized vehicles, while the
nonnobileareasourcesareemissionsfrom all otheranthropogenic
sources,aswell asgroundlevel industrial sourcesthat emit less
than 5 tons per year of total hydrocarbon(THC) or NON, and
industhalstacksthat emit lessthan 100 tons peryearof THC or
NOr As is evidentfrom Table6, mobile areaemissionsaccount
for asi~,ificantfractionof theanthropogenicailcanesandaikeries
andfor —35% of the total NOr The point sourcesdominateSO2
emissionsandcomprise48%of the total NO~but contributelittle
to theNMHC emissions.The spatialdistributionof the diurnally
averagedpoint plus areaemissionsfor NO~andbutaneaveraged

over themodel grid size of 60x60 km2 areshownin Figures3a

and3b, respectively. Seventypercentof the butaneemissionsare
frommobile sources,whichis reflectedin thecongruenceof high
emissionsandpopulatedurbancentersin Figure3b. The pattem
of NO~emissionsexhibits influence from both of the areaand
pointsourcecategories,asis shownin Figure3a. Largeemissions
associatedwith coal-firedelectricity-generatingfacilities account
for a sigrificantfraction of the NO~emitted throughoutthe Ohio
Rivervalley.

The naturalemissionsof isoprene anda-pineneare basedon
themostrecentEPA datafor landuseandforesttype. The EPA
land usedatais in termsof land areaper 1/6°latitude by 1/40

longitude ~id for each vegetativetype. The emissionsfrom
deciduousandconiferousforestsarederivedaccordingto Lambet
a!. [1987]. Following tl±procedure,eachforest type is divided
into fourvegetativecategories.Theseincludehigh isoprene,low
isoprene.deciduouswith no isoprene,and coniferousemitters.
The vegetationbiomassfactors of Lamb et a!. [1987] (units of
kilogramsperhectare)areusedto converthectaresof foresttype
into kilograms of biomassfor eachvegetativecategoryandfor
eachmodelgrid. Emission factorsrelating individual NMHC to
thefour vegetativecategories(unitsof pg g1 1(1) for theforested
areas,andemissionfactors relating NMHC amountsto crop type
(pgm~2hf1) arethoseusedby EPA for compilingnaturalNMHC
inventories (1’. B. Pierce, Atmospheric Sciences Modeling
Division, personalcommunication,1989). Besidesisopreneand

Fig.3~.Diurnally avengedN0~emissionsfor asummertimeweekday,from theNAPAP 1985 (version5.2) emissioninvento7with the60x60km modelresolution. Both areaandpoint sourcesareincluded. Emissionsarein unitsof 1014 moleculenc
2

s~
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Fig. Sb. Diurnallyavengedbutaneemissionsfor asummertimeweekday,from theNAFAP 1985 (version5.2) emissioninvento7with the60x60 kmmodelresolution. Both areaandpoint sourcesare included. Emissionsarein unitsof 1014 moleculem
4

(

a-pinene,the EPA dataalso accountfor monoterpenesotherthan
a.pinene, and an unknown componentthat is assumedto be
unreactive. The different forest type and crop categories,
individual NMHC fractions, and fractional areacoverage are
shown in Table 7 for 30°C conditions. Thesedataare not
correctedfor cloudinessor cancpyeffectsbut clearly indicatethe
predominanceof deciduousforestsas the main isoprenesource.
Averagedover themodel domain,a-pineneemissionsaremostly
emittedby coniferousforests,butdeciduousforestsandcorncrops
alsomakesignificantcontributions. The temperaturedependence
of isopreneanda-pineneemissionsarealso taken from Lambet
at [1987]. The light intensity dependenceof the isoprene
emissionsandcanopycorrectiontermsto accountfor the reduction
of light by foliage arethoseof JacobandWofsy[1988].

The inclusion of naturalN0~emissionswithin the model is
basedupon the NO flux measurementsof Williams et at [1987,
1988]. Becauseof the observedstrongdependenceof the NO
emissionson soil nitrate and soil moisture, which are two
quantitiesnot treatedwithin the modeL wehavesimply assigned
anaturalNO emissionof 1.2 x 1014 moleculesm2-s4to all grids
over land. Although this assigimentwill overpredictnaturalNO
emissionsin forestedareas,andunderpredictfertilized crop areas
[Williams at aL, 1988], it is representativeof grasslandsand
pasture,whichcomprisealargefractionof therelativelysparsely

populatedwesternportion of our model domain. Since the
assignedvalueis less than5% of the averageanthropogenioNO5

emission(seeTable 6), the influenceof the naturalemissionsis
generallynegligible.

Emissions from both natural and anthropogenicsourcesare
incorporatedinto the model as grid averagedproductionterms
within the chemical module. Anthropogenicpoint sourcesare
partitionedvertically accordingto stackheight, while all other
emissionstakeplacein thebouom layer.
2.3.2. Thechemicalmechanism.A standardreactionschemefor
CH4, CO. H2O, 0~,andNO5 chemistry usedin ourcalculations
hasbeendiscussedby Liu at at [1980]. Reactionratesfor this
schemehavebeenupdatedto Jet Propulsion Laboratory (WL)
[1987]. A completelist of reactionsandtheir ratesis presented
in TableS.

Also listed in Table 8 arethe reactionmechanismsandrate
constantsof theNMHC. Sinceexplicit treatmentof the NMHC
in thethree-dimensionalmodelis prohibitively expensivein terms
of computerresources,lumping techniquesareneededto simpli~’
the organicchemistry [e.g., Dodge, 1977;Atkinsonat at, 1982;
Lurmann atat, 1986; Stockivell, 1986; Gery etat, 1989]. The
chemicalmechanismsfor the anthropogenicNMHC andisoprene
in this study arebasedon thestudyof Atkinsonat at [1982], with
theupdatedmodificationsrecommendedby Lurma.’~nat at [1986].
However, inililce the Lurmnannet al. mechanism,we include an
alkaneclass(higheralkane)that represents�C4alkanesotherthan
butane, similar to the original Atkinson et al. scheme. This
chemical mechanismis like the RADM mechanism[Stoc/cnel4
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TABLE 7. Total HydrocarbonEmoissic’nRatesandNMHC Fmaaionsat30°C,andLand SurfaceFtactions
for DifferentVegetativeTypes

aoak deciduous,and coniferous forest type
vegetativecategoriesof tenth aa!. (1987] and
theEPA (T. 2. Pierce,private communication,1989).

~Deciduousrefersto deciduousforest canopyotherthanoak.
C~~emusrefersto coniferousforest canopy.
dac.uionof arearefersto thefraction of land area.

1986], in that speciesare groupedaccordingto OH reactivity.
Thusthe 1985 NAPAP emissionsinventory,designedfor RADM
applications, is directly applicable. The assignmentof 1985
emissionsclassification into the lumped NMHC adoptedhere is
shown in the last column of Table 6. The NAPAP emission
inventory (Table 6) provides only limited information on the
composition of the NMHC, so a detailed classification is not
warranted. Furthermore,becausetheemphasisof ourstudy is on
theruralatmosphere,theextremelyreactiveNM1-1C suchashigher
aromaticsandhigheralkenesarelumped into lessreactiveNMHC
groupsasdescribedbelow. The dominantspecieswithin eachof
the NAPAP lumped categoriesareenumeratedin Table9.

For the butaneclass within the model, it can be seen from
Table 6 that theother alkane(0.25-0.5OH reactivity)class,which
is dominatedby ethyl alcohol, accountsfor nearly 50% of the
emissions. The 01-1 reactionrate assignedto the model higher-
alkaneclassis takento be thatof hexane,Or nearly 1x104ppm’1

nt~1which correspondsto the emissionweightedOH reaction
rateof thealkarreclassesaboveC4 (Table 6). Thearomatio(<2.0)
classis dominatedby tolueneemissionswhichalsohaveasimilar
OH reactionrate [At/dnson, 1985]. Assigningthe aromatic(>2.0)
NAPAP class to the higher-alkane model class certainly
underestimatesthenetreactivity closeto emissionsources,but the
highreactivity of thesespeciesimplies thatconcentrationswill be
generallyquite low andunimportantasprimaryprecursorsto 03
formationin ruralareas.Thereare,however,severalintermediate
carbonylsand organicnitrates generatedin the oxidation of the
specieswithin the aromatic classes[AtkinsOn, 1985; Ca/van and
Madronich, 1987] thatareinherentlyneglectedwithin thelumped
speciesapproach. Since the intermediateketoneof the higher-
allcaneclassis assumedto bemethylethylketone[Lurinann at at,

1986], whichhasalongerlifetime than thecarbonylsgeneratedby

the aromatics,the03 formationpotentialis relativelymorediffuse
for the fraction emitted as aromatics. We haveperformedtests
with the three-dimensionalmodel thathavethe reactivity of the
higher-ailcaneclassincreasedby afactorof 4. While 03 closeto
urbanareasis sensitive to this modification. regionallyaveraged
03 is only influencedby a few percent Thus the resultsof this
studypertainingto rural03 formationarenotparticularlysensitive
to theloss of reactivityinherent in our lumping approach.

For themodel propeneclass,the NAPAP primary alkenesare
dominatedby buteneemissions,whichhavean OH reactionrate
only 20%higherthanpropene. However,the internalalkeneclass
consists of speciesthat are 2 to 3 times more reactive than
propene. Consistentwith the mechanismof Lurmann at a!.
(1986], thesehighly reactivealkeneshavebeenlumped into the
propeneclass. Similar to the argumentsfor reactive aromatics,
thesespeciesare not expectedto contributesiguificantly outside
of urbanareas. Although simplificarionsnecessaryin deriving a
manageableset of reactions to describe the oxidation of
anthropogenicNMHC inherentlyintroduceadegreeof uncertainty,
webelievethat theessentialfeaturesconcerningtheir role in rural
03 formationarecapturedby themechanism.

The isopreneoxidation mechanismsof KU/us and Whitten
[1984] or Lloyd at at (1983] arerestrictivelycomplexfor direct
inclusion into three-dimensionalcalculations. As aconsequence,
we keepthe reactionrate constantsof isoprenebut assumethe
•productsof propeneoxidation with OH and 03 as surrogate
products for the equivalent isoprene reactions in a manner
consistentwith the condensedversionof Lurmann at at. [1986].
The applicability of thepropenesurrogatemechanismwastested

by usingthe oneimensionalphotochemicalmodel of Trainer at

at [1987a] to comparecalculationswith the condensedversion
against the full mechanism of Lloyd at a!. [1983]. For

Vegetation
Type

Emission
pg rn-2 hft

Monoterpene
Franion

a-Pinene
Fraaion

Isopmne
Fracion

Unknown

Fraaion
Frocrion

of AS

Oak foresta 4256.2 0.028 0,026 0.731 0.215 0.1529
Deciduous3 3356.3 0.058 0.052 0.627 0.262 0.2056
Coniferout 3106.3 0.235 0.206 0.24 0.320 0.1513
Alfalfa 37.9 0.1 0.1 0.5 0.3 0.0151
Sorghum 39.4 0.25 0.25 0.2 0.3 0.0343
Hay 189.0 0.25 0.25 0.2 0.3 0.0384
Soybean
Com

22.2
3542.0

0.0
0.1

0.0
0.1

1.0
0.0

0.0
0.8

0.0629
0.0739

Potatoes 48.1 0.25 0.25 0.0 0.5 0.0016
Tobacco 294.0 0.1 0.1 0.0 0.8 0.0010
Wheat 30.0 0.1 0.1 0.5 0.3 0.0173
Cotton 37.9 0.25 0.25 0.2 0.3 0.0036
Rye 37.9 0.25 0.25 0.2 0.3 0.0002
Rice 510.0 0.25 0.25 0.2 0.3 0.0021
Peanuts 510.0 0.25 0.25 0.2 0.3 0.0011
Barley 37.9 0.25 0.25 0.2 0.3 0.0025
Oats 37.9 0.25 0.25 0.2 0.3 0.0196
Range+Scmub 189.0 0.25 0.25 0.2 0.3 0.0035
Grass 281.0 0.25 0.25 0.2 0.3 0.1542
Urbangrass 281.0 0.25 0.25 0.2 0.3 0.0086
Othercrops 37.9 0.25 0.25 0.2 0.3 0.0237
Water 0.0570

data were calculated using the weight factors for the four
theNMHC speciesenissionfactors for thesecategoriesfrom
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(QK1) OtD+[M}~.+O~P+[M]
(8) 01D+}120-*OH-4-OH
(11) 0’D÷CH~—*OH÷CH3(12) OH±CH4-.H2O÷C113(13) O~D+H2—*OH÷H
(13b) OH+H2-.H20+H
(17a) OH+CO—*lj÷C02(18) OH+H02-..H20i-02(19) OH+O,~4H02+O2
(21) 03±H02-*OH÷202(22) HO2÷HO2—~H2O2÷02

(23) OH+1t202—*H02÷H20
(24) H02+N0-.OHi-N02(26) O3÷NO-~NO2+02(29) OH ÷}~iO3-H20 ±NO3(30) OH + NO2 1~O~
(41) No + NO3-, 2N02(43) O3÷NO2-~NO3+o2@~) No2 + NO3 -, N205@5) N205—*N02÷N03(46) NO3 ±NO3 -~ 2N02±02
(47) HO2 i- NO3 0.6(OH ÷NO2) ÷0.41NO3
(50) CH2O + NO3 11N03+ HO2 + CO
(51) NO3 + isoprene—* organicnitrate
(52) NO3 + C3H6 .. organicnitrate
(53) NO3 ±CH3CHO.. CH3COO2 + tTh~O~
(63) HO2 ÷CH302 —, CH300H + 02
(64) CH3O2 + CH,02 —* 21102+2CH2O÷02
(65) CH~OOH+ OH —, 0.56(CH302+ 1120)

+ 0.44(OH + CH2O)
(66) CH3O2 + NO —* NO2 + ~2O + HO2(68) OH÷C1120—+H20+C0+HO2(71) HO+NO—,HONO
(72) NO + NO2 ÷1120 —* 2HONO
(73) N~5+ H~-. 2HNO3(C71) 1102 + NO2 HOrNO2(C74) HO2NO2 — HO2 ÷NO2(073) HO2NO2 + OH -* NO2 + 1120 + 02
(75) OH+SO2-,SO÷÷HO2(76) NO2+NO3—,NO÷NO2+02(77) CH302 + CH3COO2 —, CH3CO2 + HO2

+ CH2O + CO2(78) CH30002 + CH3COO2 -. 2CH302
+ 02 + CO2(79) OH + PAN -. products

(80) OH ÷CH3CHO -~ CH3COO2 + H2O
(81) NO2 + CH3COO2 + [Mi -. PAN + IM]
(82) PAN —~ CH3COO2 + NO2(83) NO ÷CH3COO2 —, CH302 + NO2 ÷CO2(84) OH + higher-aikanes BUTO2(85) NO + c2H5O2 -. CH3CHO + NO2 + HO2(88) 011 + C4H10 .-, BUTO2(89) NO + BUTO2 —, 0.9NO2 + 0.1(RCHO

+ org. nit) +0.3(C2H~O2+ CH3CHO)
+ 0.6H02÷0.47MEK

(90) OH + 02H4 -* ETHYO2(91) NO + ETHYO2 -~2CH2O+ NO2 ±HO2(92) OH + C3H6 —, PRPYO2~93) NO + PRPYO2 —, CH3CHO + CH2O
+ NO2 ÷HO2(94) 03 + C2H4.-,01120÷0.4011200
+ 0.12H02÷0.42C0+
÷0.21H~O+ 0.18C02+ H2(95) 03 ÷CaH6 - 0.52CH20 + 0.2(011200
+ CH3CHOO) + 0.3011+ 0.21CH3O2
+ 0.5CH3CHO + 0.33CO + 0.23HO2

NO +011200-. NO2 + CH2O
NO2 ÷C11200 NO~÷CH2O
802+ CH200 —~5O4 ÷CH2O
CH200 + CH2O —* products
CH200 + H~O-, 0110011÷1120

2.87”
2.2.10
1.4 -L 1
~-t2e-’7wfr
1.0.10
5S12e.~~~
~513~5)

2
.
3

-13~6co(r÷1.7.Oa[M]�l~fr

33.L2~~/~

37
12

6
2401T

2.0~2e~~
Troe express,on

17
-Il

6
l3orr

l.4t3a~~n
Tree expression
R44/U .1_27e112~fr)

35
-t3

1
2450/T

23
.12

6
170fl

6.0.16
3.O.12?5o~
4.0~’~
1.4~t2(1900/T

77
14

6
bW~

1.0.11

4.2t2a~0~1’
1.0.11
Troeexpression
6.0~’

Troe expression
RC71x4.762Ga~oscoff

Treeexpression

2
SI4e~d/r

1.0.11

2.5.12 Moongat at a!. [1989a]

6.9
47.12

2~0
j6

1
t3M3~

4~2
12

6
18Ofl’(R66)

2.0~h1e~0~~
4.2.12eL30~~(R66)
~
~ (R66)

7.012
7Q.13
7.0’~

4Q.18

TABLE 8. Reactionsin theThree-DimensionalModel

Number Reaction Rate NoteC

kofJPL[1987]

Cantrall at at [1985]
Ha!! at a!. [1988]

D!ztgokancicyand Howard [1989]
Recommendedrate andproductsof Lurrnannat at [1986]

Atkir.sonand Lloyd [t984]

Atkinsonand Lloyd [1984]
Moongatat at [1989a]

Troeexpression
4.212a1~(R66)
4.1.12e~~
4.2l2eTh0fl~66)

I .2~
4

a~
33t1

WaUingtonat a!. [19843

Atkinsonand Lloyd [1984]
Atkinsonand Lloyd [1984]

Recommendedrateandproductsof Lurmanneta!. [1986]

Recommendedrateandproductsof Lunnannat a!. (1986]

RecommendedratefromAtkinsonat a!. [19793

Recommendedrate and productsof Lunnannala!. [1986]

Recommendedrateand productsof Lzsrn,annat a!. [1986]

Recommendedrate andproductsof Lunnann at a!. [1986]
Recommendedrate andproductsof Lunnannat a!. [1986]
Recommendedrateandproductsof Lunnanneta!. [1986]
Recommendedrate aad productsof Lunnannat at [1986]
Recommendedrateand productsof Lw-mann at at [t986]

(97)
(98)
(99)
(100)
(101)
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TABLE 8. (continued)

Number Reaction Rate Notes

(102) NO ÷CH
3

CHOO-.N0
2

+ CH
3

CHO 7.0~42 Recommendedrazeand productsof Lw-mann at at [1986]
(103) NO

2
+ CH

3
CHOO— Not + CH

3
CHO 7ff’

3
Recommendedrateand productsof Lunnannat a!. [1986]

(104) so2 ÷011301100— SO~+ CH
3

CHO 70~~ Recommendedrateandoroductsof Lunnannat at [1986]
(105) CH

3
CHOO+ 01120 -. products l.4~’ Recommendedrateandproductsof Lw-mannat a!. t1986]

(106) CH
3

CHOO÷H.,0 —. products 4•348 Recommendedrateandoroducisof Lw,nannat at. [1986]
(109) 1102 + RO2~— CH300H 3.02 Themareis that suggestedby Lra’mann at at [1986].
(109b) 1102 ÷C113C002— 0.75CH300H 3fft2 Productsfrom Maortgas at at [1989b]. The rateis that

±OiS(CH
3

00H+ 03) suggestedbyLunnannera!. [1986J.b
(110) 011 + RCHO —. R000

2
C

9
.0I

2
aasO~ Recommendedrateand productsof Lw-mann at at [19861

(111) NO2 + RCOO2 + [143 — PFN + [14] 477.52(R8fl The rare is that suggestedby Lw-mannat at [1986].
(112) PPN — RCOO2 + NO2 2.0~6e1~3~~’(R82) Recommendedrateandproductsof Lwrnann at at [1986]
(113) NO + RCO03 —* NO2 + 0311502 42t2e~~0~(R66) Recommendedrateandproductsof Lw-mann at a!. [1986]
(114) OH + MEK —. X02 1.8’~

t
a

490tt
’ Recommendedrateand pthducrsof Lunnannat a!. [1986]

(115) NO + 1(02 — NO2 ÷01130110+ CH~CO03 4.2.ua1ao~r(P~66)
(141) 011 + isoprene.-~ PRPY02 13-tteonlr Recommendedrateand productsof Lurntann at at [1986]
(143) 0~+ isoprerme—, sameas 03+propene(R95) ~ Recommendedrateand productsof Lunnannat a!. [1986]
(144) N205 + aerosol1120 —3 21t’~03 surfacensa+ Etraidity

deoedeace
5

PhototysisReactionsin theThree-DimensionalModa!
(P03) 0

3
÷hv—,0

3
P÷0

2
-

(PO3D) 03±hv-,O’D+02(P11202) 11202÷/w -. OH ÷OH
(PNO2) N0

2
÷hv+0

2
—,N0÷0

2(PHNO3y }UW
3

+hv-.N0
2

+OH
(P110) C11

2
0+hv÷20

2
—,C0+2110

2(P112) CH
2

O+hv—+C0+H
2(PNO3) NO

3
+ hv —*0.89(2402+ 0)+ 011(N0+ 02) -

(PN205’) N
2

O
5

+ hv — NO2 + NO
3

(P12402) HONO+hv-,NO±H0
(PPOX) HO

2
NO

2
+ hv -, NO

2
+ 1102

(PCH3CH) CH
3

CHO + hv -. CH
3

O
2
±1102 + CO

(PCOH) CiaOOH+ hv ~-, CH
2

O÷OH + HO
2

(PMEK) MEK + hv .-, CH3COO2 + 0311502 sameas (P110) (Canerat at, [1979])
(PALD) RCHO +hv .-* 1102 + 0311502+ CO saneas (p011301-I) (Caner at a!., [1979])

Uniessotherwisestated,reactionrates orphotolysiscross sectionsand reactionproductsamfromJPL [1987].
aR0

2
standsfor the individual RO2 specieslistedin Table5, with theexceptionof CH

3
0

2
and CH

3
COO

2
.

The actual product of the dominant branchis CH~C0(0OH),which is lumped in the mechanismwith CHaOOH.
CR00

02
standsfor theperoxypropionyt radicalC

2
H

5
COO

2
.

è1~heaerosolsurfaceareaat thelowest threelayersis takento be lxlo” cia
2

~ accordingto averagecontinentalbackgroundconditions[Whithy,

1978]. The aerosolsurfacearea is assumedto decreaselinearly with height to a value of lx10~atthe top of tropopause[Turco at a!., 1981]. The
sticking coefficient is assumedto be thOSfor relativehumiditiesabove40%,andOM below,accordingto Morurkawichand Ca!ven [1988].

hydrocarbonand NO5 conditions typical of a rural site in the
easternUnited States,minor differenceswere found betweenthe
two mechanismsin termsof OH, RO2s, 0~,and03 production
rates(Trainer,unpublishedresults,1989),justi~’ingthe useof the
simplified rnechanisnifor areasonablerangeof conditions. The
reactionproductsof rerpeneoxidationarelesswell Imown [Lloyd

at at, 1983]. Herewe wentthe oxidationof the terpeneslike that
of isoprene.Averagedoverthemodeldomain, terpeneemissions
accountfor —30% of thenaturalNMFIC emissionsduringdaylight
hours, when NMHC has an influence on 03 formation. The
primary terpene,a-pinene,hasan OH reactionrazethat is about
half that of isoprene. However, more recentnatural NMHC
emissionsestimates(B. Lamb, private commtmication, 1989)
suggestthatthe isopreneentsionsusedin this study could be
underestimatedby a factor of 2 or more. Additionally. isoprene
emissionsfor the~id containingScotia.Pennsylvania.wouldhave
to be at leastafactorOF 4 ]arger than thoseusedin this study to
beconsistentwith observedisoprenelevels [Trainer a: a!., 1987!,,
manuscriptin preparation.1991]. Thereforeuncertaintieswithin
the emission rates of isoprene dominate any uncertainties
associatedwith the teatrnentof the oxidation mechanismor

TABLE 9. DaninantSpeciesWithin NAPAP Ltimped Cacegories
[U.S. EPA, 1989]

Category DominantSpecies

Aikanes (0.25-03) n-butane,iso-butane,2,2.dimethylbutane
Alkanes (0.5-1.0) isopentane,n-pentane,hexane,pentaneisosners,

2,2,4-trirnethylpentane,2-methylpentane
Alkanes (1.0-2.0) cyclohexane,heptane,C-7 oyclcparaffins,

methycyclopentane,2,4-dimethyihexane,octane
Alkanes (>2.0) n-pentadecane,2-metbyideoane,,t-dodecane
Alkanelarcmaticmix naphtha,mineralspirits
Primary alkenes butane,1-pentene,1-hexene,methyl snethacrylate
Internalalkenes 1,3-butadiene,2-mezhyl-2-butene,trans-2-peiitene
Primary/Internal isomersof pentene,0-10oleftns,C-S oletins

alicenes
Aromatics (<2.0) toluene,ethylbenzene,n-propylbenzene
Aromatics (>2.0) o-xylene,p-xyleee,l,2,4-trimerhylbenzene
Others(0.25.0.5) ethyl alcohol, dimethyl ether,isopropylacer-ate
Others (0.5-1.0) isopropylalcohol,n-butyl acetate,n-propyl acetate
Others (>1.0) glycol ether,propyleneglycol, butyl-cellosolve

Numbersin parenthesesreferto the OH reactionratein units of l0~
ppnf

t
min

1
, andtheindividual speciesare orderedaccordingto the

contributionby weight.reactivity of the terpenes.
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In keepingwith theLurrnannas at [1986] mechanism,organic
nitratesareformedfromthehigher-alkaneRO2 - NO reaction and
the NO3 reactions with propene and isoprene, Within the
mechanism,organicnitratesareassumedto be asink for NO5with

no mechanismfor returnto reactivenitrogen, Buirr asat [1990]
havereporteda 1 to 2%NO,, contributiondueto C2 to C5 allcyl
nitrates at the Scotiasite, which are expectedto have lifetimes
greaterthan 5 days [Roberts, 1990; AthenonandPenner, 1990].
However, organicnitrateswith lifetimesmuchshorterthan afew
dayscertainlyexist [Roberts,1990] andmaycontributeto the 15%
of the unaccountedreactivenitrogenobservedat the Scotiasite
[Buhr atat, 1990] aswell asotherlocations[Pa/icya: aL,.1986].
Theincompletetreatmentof organicnitratesintroducesadditional
uncertaintyinto thechemicalmechanism,particularlywith respect
to the influenceof suchspecieson NO5 andrelated0~fomtation
in ruralregionsthatareinfluencedby long distancetransport from
urban activity. However, since the mechanismsand products
associatedwith the removalof manyorganicnitrates, as well as
their relative contribution, are still unknown, this simplistic
treatmentis somewhatjustified.

2.3.3. Thetreatmentofradiation andphoto1ysis~Solarradiation
and the influence of clouds are considered within the
parameterizationsof isopreneflux and the photolysis reactions
listed iii Table 8. The explicit moisture schemeof Elsie at at
[1924] allows the cloud watermixing aüos to bedeterminedat
eachmodelgrid. Following the approachof Changa! al. [1987],
assumingameancloud dropsize(10 sin) allows adetermination
of the optical depthandenergy transmissioncoefficient for each
layer. The species dependentcorrection to the clear sky
photodissociationrates axe also used from that study to
pararneterizebelow-cloudor above-cloudconditions. Multiple
cloud levels are treatedby assuminga random distribution of
cloudinesswithin eachcelL andapplyingprobability fractionsto
above-or below-cloudconditionsbasedon thepercentcloudcover
ateachgrid aboveandbelbwagivenlayer. Thepercentagecloud
cover at each layer is parameterizedin terms of the relative
humidity accordingto Ge!eyn[1981]. Thus eachlayercontainsa
fraction that is clear,a fractionbelow,andafractionabovecloud,
from whichthe speciesdependentphotolysiscorrectionsof Chang
at a!. [19871areappliedproportionally. Cloudinessinfluenceson
theisopreneemissionsis estimatedby assumintthat thespectrally
integratedactinic flux is proportionalto theNO3 photolysis rate.

Clear sky photolysis rates are determinedby the multiple
scatteringroutine of Andersonand Meier (19791 and updated
every 30 ruin. Wavelengthdependentphoton fluxes, Rayleigh
scatteringcoefficients, and 03 phciodissociationcross sections
from Wor!d Meteorological Organization (WMO) and NASA
[1985] are used in the calculations. The stratospheric03
distribution [Dlltsch, 1978] and the temperatureprofile [Louis,
1974] for summertimeat

40
c N areusedas ambient conditions

(total 03 column = 310 Dobsonunits (DU)). Scatteringdue to
aerosolsis also included,with an assumedvisual rangeof 25 km.
and appropriate.corrections made to the isotropic scattering
formalism [Andersonat a!., 1980]. Thegroundalbedois takento
be 0.05, andphotolysis ratesarecalculatedfor assumedsurface
elevationsof 0, 1 and3 lan for interpolationwithin the model
domain accordingto orography.

2.4. ComputationalProcedure

Becauseof limitations on the available core memory of the
computer, the time integration of the transportand chemical
processesmust be calculated independentlyoyer the three-

dimensional domain. The technique and justification for
employingthe“time splicing” of chemicalandtransportoperators
hasbeendescribedby McRae at at. [1982]- Following this
apuroach,thetime integrationof ecpiation(1) is performedin the
following steps. The chemical productionand loss terms are
calculatedfirst, The transportedand short lived speciesare
integratedover a 150-s time stepby thechemicaloperator. The
resultingfields of transportedvariablesare thenintegratedfor a
150-stime steo by the transportoperatorto yield valuesfor an
assumednettimestepof 150s. Although consecutiveoperations
of chemistry and then transport ~e not ~ymmetric with the
numerical. schemesemployed,the resulting fields of chemical
speciescalculatedwith the orderof the operationsreversedare
essentiallyidenticalafterseveralhoursof integration.

The tendencydueto chemistryis cal~ulatedusing amodified
form of the quasi-steadystate approximation (QSSA) method,
which hasbeenshownto yield maximum deviationsfrom exact
solutionsof 1-2% for time stepsof 30s [Hesstvedtat at. 1978].
With our modifications and a time step of 150 s we estimate
maximum deviationsof <8%, occurrinj near sunriseor sunset
During other times of the day, predicted concentrationsare
Sensitiveto time stepsizesless than 150 5.

3. RESULTSOF iRE MODEL STUDY

Theprimary focusof this studydealswith theregionalaspects
of 03 formationover the eastemUnited Statesfor.a particular4-
day summertime period. We first presentthemodel-predicted
03 fields, and comparethoseto availableobservationstakenat
variouslocationswithin themodeldomain. We thencomparethe
limited sets of summertimeNO5 andNMHC observationswith
thosepredictedby themddelto confirm thatregionalvariationsof
the 03 precursorsare also adequatelysimulated. The model is
thenusedas a diagrostictool to examinethebudgetsof 03 and
its precursorsfor this particulartime periodwithin andabovethe
PBL. In contrastto the regionalscaleaspectsof 03 presentedin
this work, a companionpaper(Trainer et al., manuscriptin
preparation,1991) will focus on a comparisonof model results
with an intensive field study conductedat Scotia,Pennsylvania,
duringJuneandJuly 1986.

3.1. ComparisonofModel andObservedOzone
on a RegtonalScale

The U.S. EPA has organized and operateda network of
monitoring stations, originally namedSAROAD (Storage and
Retrieval of Air Quality Data) but now termed AIRS
(AeronometricInformationRetrievalSystems)that datesbackto
the early 1970s. Measurementsbf O3~NO~502, NMHC. and
other chemical speciesare available for nearly 200 sites with up
to hothly resolution [U.S.EPA, 1987]. Sincetherearequestions
aboutthe accuracyof the NO5 measurements[Pehsery

t
eldet at,

1987],and sincemost of the NO5 and NMHC measi,remennsare
confmedto urbanareas,we focus solelyon acomparisonwith the
ozonenetwork whichis relatively denselyspacedthroughoutthe
easternUnited States.

As was mentionedpreviously, the model-derived 03 at
nighttime is an average of the lowest 78 m and is not
representative of surface concentrations that are controlled by
surface deposition and reduced vertical mixing during the
nocturnalinversion. Furthermore,thephotochemicalformationof
0~ is correlated with solar insolation, so afternoon 03
concentrationsgenerallyreflectthenetphotochemistryoccurring
throughout the daylight period. We therefore restrict our
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comparisonto afternoonconditionsandcompareO~fluxing ratios
averagedfrom 1 to 5 p.m. fisT for the last 3 daysof model
simulation. In using the AIRS ozonenetwork data, cautionmust
alsobetakenin maldng comparisonssincethemodelpredictsgrid
averaged quantities, and there is some concern about how
representativea particular measurementis for a larger area
[Schere,1988]. Also, measurementstakenin or nearurbanareas,
which comprisea significant fraction of the total data, may be
seriouslyinfluencedby local chemistrysuchastitration effectsby
locally emitredNO. Realizingtheselimitations to the observed
data,we haveeliminatedall measurementsclassifiedby AIRS as
“city center”butkeptall “suburban”and“rural” dataregardlessof
distancefrom urbancenters.Also, astationwaseliminatedfrom
the observeddataset if any of the 1 p.m. to 5 pin- hourly-
averagedvalueswere missing. Thesearethe only filters applied
to the observationaldata.

Themain reasonfor choosingtheparticulartime periodof July
4 to July 7, 1986,is becausethe synopticconditionsshowaclear
anticyclonicsystemthat favors the photochemicalproductionof
03. A low-pressuresystemhadjust passedthroughthe eastern
seaboardon July 3, 1986, essentiallydisplacingany previously
fanned03 as the front moved northeastwardover the Atlantic.
The observedmaximum03 valuesfor July 3, 1986, were all less
than 60 ppb throughout the domain with no organizedspatial
structure. On July 4, 1986,03 valuesbeganto rise as acenterof
high pressurebeganto build overthe easternOhio Rivervalley.
At 0000 UT, July 4, 1986, the model calculationsbeginwith an
imposed03 initial condition of 30 ppbv throughoutthe domain.
Figure 4 shows the initial conditions,as well as the continental
area1-5 p.m. EST averaged03 predictedby the modelfor the4
differentdays of the model simulation. Most of the 03 increase
occursin the first 44 hoursof modelstart-up. During thefinal 36

hours of simulation, the average 03 does not change, but
significanthorizontalvariationsarisefrom the changingsynoptic
weatherconditions.

Platesla through Id showthe observedandcalculated1 to 5
p.m. fiST average03 mixing ratios for the last 2 days of the
modelsimulation(July 6 and7, 1986). It shouldbe notedthatthe
depictionof the observed03 fields in Platesla andIc havesome
interpolatedregionsin southernCanadaandoverbodiesof water,
particularly the Atlantic Ocean wherethereareno observations.
Locationsof the observationsarenotedin thesefiguresby dark
bluecrosses(suburbanmeasurementsites)andcircles(rural sites).
Themodal 03 fields shownin Plateslb and ld compriseall of
the calculated points, including the oceanic values. For the
observed03 distributionsin Platesla andlc, isolatedstationscan
influence local gradientsas well as the regional pattern. It is
thereforenecessaryto keepin mind thatvisualcomparisonshould
be doneover genema4regions,andwith regardto the number of
stationsinfluencingthe contoursof the observeddata

In theregionwheretheboundaryinfluenceis minimal (roughly
eight or nine grid cells away from model borders), several
importantfeaturesare reproducedfairly well. For examplethe
southernextentof thecontoursfrom themain body of high 03 are
fairly well simulatedeastoflllinois andnorthof Alabamaondays
3 and4. Agreementbetweenthe position (ChesapeakeBay to
southernNewJersey.southernConnecticut)andmagnitudeof the
highest03 values(>100 ppbv) is also apparenton thesedays.
Both model and observationsshow a tendencyfor a southern
migration of the ozonemaximumfrom the LongIslandregionto
theChesapeakeBay areafrom day3 to day 4. Themovementof
the cold front associatedwith the low-pressuresystem located
alongthenorthernborderis themostobviousfeaturebomeout in
both the observationsandmodel; however,local differencesare

Ozone (ppbv)

I
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2

0
30 35 40 45 50 55 60

Fig. 4. The vertical distribution
simulation.

of the initial 03 and 1-5 p.m. fiST, contincntalareaavenged03 for the 4 daysof model
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•Plate Ia. The 1-5 p.m. fiST avengeobserved03 for July 6, 1986. Locationsof the observingstationsare shownby crosses
(suburbanlocations)andcircles(narallocations). Units ofO

3~
rein partsper billion by volume. Interpolatedregionsover Canada

and theAtlantic Oceanor with sparseobservationsshouldbe ignored.

40_ - 55.
= 55. — 70.
= 70. — 85.

85. - 100.
100.

apparentdueto uncertaintiesin predictingtheexactlocationof the
frontal edge. The influenceof the front appearsto besomewhat
farther south over New York, Vermont, andNew Hampshire,
while themodelshowsaninfluenceat theeasternedgeof thecold
front on day 4 that advectsair with high 03 valuesnorthward
directly over Maine. The one region stongly influenced by
coastal inflow (the Carolinas, Georgia, and Alabama) that is
characterizedby relativelylow 03 is also well simulatedfor both
days.

When one examinesthe regions of 03 overpredictionand
underprediction,certainaspectsof the comparisonbecomemore
obvious. Figures Sa and Sb show the overprediction and
underprediction,respectively,for the July 6, 1986, datadepicted
in Platesla and lb. 03 is significantly overpredictedby the
model alongthe easternseaboardnorth of Long Islandandalso
overabroadregionextendingfrom the Kansas-Nebraskaborder
throughillinois and Wisconsininto eastemMichigan. Coastal
locationsalong the southernmodel borderare also consistently

overpredicted.Regionsof significantunderpredictionaresouthof
Long Island and east of the Mississippi river, and most
pronouncedalong the Ohio River valley andthroughoutNorth
Carolina. The03 overpredictionsandunderpredictionsfor July7,
1986, arevery similar to thoseshownin Figures5aand5b, with
the exception of the eastern Wisconsin and southernLake
Michigansiteschangingto slightly underpredicted,andanincrease
in theoverpredictionfor mostsitesin easternMichigan,Ohio, and
northernNew York.

Severalfactors areundoubtedlycontributing to the patternsof
model overprediction and undet-predictionnoted above. The
inability of the dynamical model to correctly predict certain
meteorologicalfeatures,such as the exactposition of the front
along the northern 1.LS. boundary, may explain part of the
discrepancies.A tongueof enhanced03 wasobservedto extend
into the Carolinason day 4, but the model predictsonly aslight
southwestwardenhancement.This is a regionwheremodel and
observedwindsshowsignificantdifferences.Referringto Figures

Plate lb. Model-predicted 1-5 p.m. avenge03 for July 6, 1986, and the lowest medel layer.
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Plate Ic. The 1-5 p.m. fiST avengeobserved0~for July 7, 1986. Locations of ±eobserving stations are shown by crosses
(suburban locations)andcircles(rural locations). Units of03 are in parts per billion by volume. Interpolated regionsOver Canada
and the Atlantic Q~anor with sparse observationsshouldbe ignored.
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Plate Id. Model-predicted1-5 p.m. average03 for July7, 1986.and thelowestmodellayer.

2aand2b, the 880mbarobservedwinds at0000UT July7, 1986,
show a northwesterly componentover West Virginia, and a
westerly componentover the areas of highest 03 in North
Carolina, suggestingthat the Ohio River valley is an upwind
sourceof pollutantsin this region. The modelpredictssoutherly
or southeasterly flow over much of North Carolina. with
southwesterlyflow overWest Virginia that forcesair from the
Ohio Rivervalley northwardoverChesapeakeBay.

A significant underpredictionalso exists along the highly
populatedeasternseaboardsouthof Long Island that cannotbe
attributedto discrepanciesin the predictedwind field. As will be
discussedlater, with regardto the budget and photochemical
generationof 03, this is a region wherethe NAPAP emissions
inventoryunderpredictsobservedNMHC to NO~ratiosby nearly
a factor of 4. We have performed a calculation with
anthropogenicNMHC increaseduniformly by afactor of4 to test
the sensitivity of 03 to this uncertainty. For theseconditions,the
model overpredictsall buttwo pointsin this region, but also adds

to the overpredictionat lower observed03. Nonetheless,the
model underpredictionin the urbanizedeasternseaboardcould
certainlybeexplainedby anunderestimationin the anthropogenic
NMHC emissions in this region. Alternatively, since highly
reactivearomaticandalkenespeciesare lumpedinto lessreactive
categorieswithin the chemicalmechanism,thereis a possibility
thatpartof theunderpredictionis relatedto model’s trea~nentof
thesespecies.However,astheprecedingdiscussiondemonstrates,
discrepanciesbetweenobservedNMHC to N0~ratios for urban
areasandthosederivedwith the emissionsinventoryprecludeour
ability to attributethe 03 underestimationto possibledeficiencies
in the chemicalmechanism.

Mother factorcontributingto themodeldiscrepancies,possibly
relatedto the two mainregionsof overprediction.is the absence
of verticaltransportfrom subgnid-scalecumulusconvectionwithin
themodel formalism. A comparisonof Figure5a with Figure2c
shows that much of the overprediction in the midwest is
coincidentwith or aheadof the clotidinessandcold front in the
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northwestportion of the model domain. Similarly, theregionof
overpredictionnorthof LongIslandcoincideswith thewarm front
and associatedcloudiness in the northeastUnited States and
southeasternCanad& Themain regionsof overpredictionfor July
7, 1986, also coincide with predicted areas of cloudiness.
Although we havereliedon thepremisethat convectivecumulus
transport should be minimal under high-pressuresystems, the
coincidenceof cloudinessand 03 overpredictionsuggeststhat
neglectingthis transportprocessmay compromisethe ability of
the model to accuratelypredict 03, particularly along the frontal
boundariesof thehigh-pressuresystem.It shouldbenotedthatall
sites in Illinois overpredict03, while from Figure 2c Illinois
shouldbe well southwardof thecold front. However,NMC radar
summaries,surfaceanalysisandvisiblesatelliteimagesfor July 6,
1986, show that cloudinessextendedfrom westernArkansasand
Texasthroughthe westerntwo thirds of Missouri andnorthward
to middle Minnesota,patchyclouds were presentover muchof
easternArkansasand southeasternMissouri, andrain occurred
overthenorthernhalfof Illinois between1900and2300UT. The
dynamicmodelirtherentlyimderpredictsthe cloudinessalong the
western border owing to the formulation of the boundary
conditions,whichis onepossiblefactor contributingto thehigher
thanobserved03 valuesalongthewestemborderin Plateslb and
Id. Mother factor that significantly influences the western
portion of the model is the predicted PBL heights from the
dynamicmodel. Becauseof uncertaintiesin specifyingthe PBL
height at the borders, it was simply fixed at 100 an on all

boundaries. This underestimationfor the western boundary
propagatesfour or five ~id cells into the domain andhas the
tendencyto concentrate03 in the lowest layer by suppressing
vertical exchange.Thedynamicmodelalsopredictsveryshallow
PBLdepths(<300m) overmostof fllinois andnorthwestIndiana,
extendingnortheastwardthroughMichiganbetween1900and2300
UT onJuly 6, 1986, which is largelyresponsiblefor the high (>70
ppb) surface03 valuesshownin Plate lb for this region. Since
the observations indicate that significant cumulus activity
developedthroughoutIllinois before and during this sametime
period,themodelundoubtedlyunderpredictstheverticalexchange
thatoccurred. Obviously, furthermodel simulationsthat include
reliable parameterizationsof the convective cumulus transport
processarenecessaryto assessits impact. The03 overprediction
along the southerncoast is quite possibly due to the model’s
inability to accuratelypredict thePBL heightandresolvethelocal
land-seaair circulation for coastallocations. Thesefeatures,as
well as other subtletiesof the meteorologicalsituation, are not
expectedto bereproducedpreciselyby the dynamicalportion of
the model.

Additional factors could also contribute to the model
discrepancies.As was mentionedearlier, we haveusedaverage
weekday emission rates, while July 4-7, 1986, was a holiday
weekend. Although differencesin N0~and NMHC emissions
betweenatypical summerweekdayand aSundayareonly -209~
on the average,a July 4 weekendmay not be typical of any
classification. However,preliminarycalculationswith decreased

Fig. Sc. Model-predictedminus observed1-5 p.m. averaged03 for July 6, 1986 (ppbv).
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anthropogenic emissions in N0~and NMHC indicate that a
significant decreasein the modelpredicted 03 for the westernhalf
of the model domain requires more than a 50% reduction in both
theseprecursors. The possibility of clean air 03 overproduction
cannot be excluded. Parrish et at. [1986]and Pernereta!. [1987]
have suggested that photochernical models in general may
inherently overpredict peroxy radical and OH concentrations.
SiThnanet a!. [1990] have also shownthat regional scale models
can overpredict 03 owing to a combination of low model
resolution and nonlineamities in the 03 production [flu et aL,
1987]. An investigation of this possible influence with a higher
resolution,nestedmodel domain is planned for future work. Other
factors,suchasthe influenceof boundary conditions, the relatively
high numerical diffusion associated with the Smolarkiewicz
advection scheme,and the parameterization of vertical transport
(pardèularly at night) could also be affecting the results. Further
refmements and sensitivity studies related to theseaspectsof the
model are also anticipated.

In order to obtain information on the reliability of the model 03
predictions, simple statistical analysisof matching data as well as
variations in the observeddata need to be considered. For point
by point comparisons,we assumea single measurementoccurring
within a grid cell is representative of the ~id cell, and two or
more measurements occurring within a model grid cell are
averaged. Figures 6a through 6c illustrate the point by point
comparison of model versus observed03 averagedfrom 1 to 5
p.m. EST for July 5, 6, and 7, with exactcorrespondencedenoted

by the dashed line. Both the model and observations show a
marked increasein the number of points exceeding85 or 90 ppbv
from day 2 to day 3. The model shows a distinct tendency to
overpredict at low observed 03 and underpredict at the high end
on all three daysof the simulation. Table 10 givesthe correlation
coefficients,andother statistical relationshipsin relation to Figures
6a to 6c. With the large number of comparablepoints (—155) the
correlations betweenmodel and observations (0.54 to 0.58) are
si~tificantabove the 99.9% confidence level on all 3 days.
Although there is little difference between the observed and
modeled 03 mean values on day 2, a 3- to 4-ppb difference is
apparent on days 3 and 4. When one looks at the fraction of
points predicted accurately within specific limits, the model
performance appears to be best on day 2, which is probably an
artifact of the model 03 bias evident in the mean values.
However, nearly 50% of the comparisonsare within 15 ppbv or
25% on the last 2 days of simulation.

The general characteristics of model performance shown in
Figures 6a through 6c and the statistical quantities given in Table
10 can be compared with two previous three-dimensional studies
of 03 in the northeastemUnited States. An analysis of calculated
versusobserved03 for the summertime northeast United Statesby
Liu et at. [1984] resulted in a correlation coefficient cif 0.7.
However, only nine stationswere comparedover an 8~dayperiod,
and data for all hours of the day were considered. The four-level
model used in the study incorporated a height varying surface
layer, so a portion of the statedcorrelation arises from adequately

Fig. Sb. Observedminus model-predicted 1-5 p.m. averaged03 for July 6, 1986 @pbv).
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simulating the nighttime inversion, when 03 concen~ations are
smallat thesurface. Analogousto ourresultsshownin Figure6.
the Lin et al. simulationstendto overestimate03 whenobserved
03 is low, and underestimate03 when observed03 is high
[Morris et aL, 1988). The authorsatnibutethe overpredictionto
the fact that the03 monitoringsites usedin thecomparisonwere

closeto forests, and the model was unable to account for the high
deposition rates during night Overpredictionwas also noted
during daylight hoursunder cloudy or rainy sidesat individual
sites. Underpredictionsfor high 03 observationswere atnibuted
to comparing large volume averagesobtained by the model with
point measurements within subgxid-scale ozone plumes that the
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model cannotresolve. The samepatternof overpredictionand
underpredictionhasbeenobservedwith theEPA/NOAA regional
oxidantmodel (ROM) [Lamb, 1988;SchereandWayland,1989),
whIch also simulatesnortheastU.S. summertimeozone,but with
a 20x20 Ian2 grid and four vertical layers. By analyzingthe
statistical disthbution of observedandmodel 03 for locations near
urban sources, remote sites, and inteimediate sites, the authors
note that underprediction of high 03 is characteristic of those
locations near urban sources,due to the inability of the model to
simulatesubgrid-scaleurbanplumes. Although overpredictionfor
low 03 is characteristicof all threesite classifications,it is most
pronouncedfor theremotelocations. Theauthorsattibutethis to
uncertaintiesin specifyingtheboundaryconditions of 03.

Although a correlation coefficient of 0.58 is significant, it
implies the model can only explain a limited amount (—34%) of

TABLE 10. Calculatedand ObservedOzoneStatistics

July 5, 1986 July 6, 1986 July 7, 1986

Numberof 161 159 149
ComparisonPoints

Calculated 62.2±11.3 66.6±16.7 66.1±14.8
mean03

Observed 63.1 ±17.9 63.7±23.8 62.4±206
mean03

Correlation 0.54 ±0.05 0.58±0.05 0.58±0.05
Coefficient

Fractionpiedicted 0.66 0.49 0.58
better than15 ppb

Fractionpredicted 0.63 0.45 0.48 .

betterthan20%
Fractionpredicted 0.87 0.74 0.83
betterthan25 ppb

Fractionpredicted 0.77 0.60 0.72
betterthan 33%

the variation in the observeddata. This becomesquite apparent
when one examines the variation in the observed data itself.
Figure 7 shows the absolute difference between calculated and
observed 1-5 p.m. average03 versusthe rangeof observed values
(observed03 maximumniinus theobserved03 minimum) for the
correspondinggrid cell for day 4. The rangeof observations
include all of the hourly 03 observationsoverthe 4-hourperiod
andall stations(if more than one) within a model grid. The
various numbersindicate the numberof AIRS sites within each
~id cell. Themedianrangein hourly averagedobserved03 is 21
ppb, but in exutmecases, the rangecan exceedSO ppb over a
60x60 km2 area and 4-hour time period. Apparently, the
observationaldatasetcanbeseriouslyinfluencedby subgrid-scale
processessuch as the proximity and relative location to urban
areas,topographiccharacteristicsof thesite, andother factors the
model is unableto resolve. Although Figure 7 doesnot provide
information on the origins of the observedvariability, some
qualitativeinferencescan bedrawn. Model grids containingonly
onestationgenerallyhaveasmallerrangethangrids with two or
morestations,whichsuggeststhat in generalthespatialvariability
within a 60x60km2 grid may influencethe total variability more
than the temporalvariability. However, thereare severalgrids
with only onemonitoringstationthathavearangebetween40and
60 ppbv, so isolatedinstancesof high temporalvariability can
sometimesoccur. Figure7 also showsthat the more monitoring
stationswithin agivenmodel grid, the better the modelpredicts
1-5 p.m. average03. Thereforebecauseof the variability in the
observations,amoderatecorrelationcoefficient.of0.58is probably
as good as can be expected. The fact that an equivalentand
significant correlation exists for the last 3 days of simulation
suggeststhat somegeneralaspectsof the model, such as the
meteorologyand the location andmagnitudeof the 03 source
regions,roughly correspondto the actualsituation.
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3.2. Distributionsof OzonePrecursors

Sincethe 03 distribution andthephotochemical03 production
dependcritically on the distributions of 03 precursors,namely
NO2 andNMHC [e.g., Fehserfeldci at, 1983], it is important to
correctly model their disuibutions. Comparisonof the model
calculateddisuibutionsof theprecursorsto observedvaluesis also
animportanttestfor thephotochemicalandtransportprocessesin
the model. We comparecalculatedvalueswith measurements
when it is possible. Unfortunately,measurementsof NO2 and
NMHCs in the na-al areasin the easternUnited Statesarescarce

[Fehsenfetdci at, 1988; GreenbergandZimmerman,19841. On
the otherhand,ineasurententsin theurbanandsuburbanareasare
of limited use for comparisonwith our model becauseof the
coarseresolutionin the model.

The distribution of NO5 is particularly important because03
productionis usually NO2 limited outsidehighly polluted areas
[Fishman at at, 1979b; Loganci at., 1981;.Liu a: at 1987]. Plate
2 showsthe lowest layerNO2 distribution averagedfrom 9 a.m.
to 5 p.m. EST for July 6, 1986. Mixing ratios correlatehighly
with the emissionsshown in Figure 3a, with regional maxima
alongthe easternseaboardandthe Ohio Rivervalley. Summaries
of ruralNO2 measurementsmade to datearegivenby Alishuller
[1986] and Fehsenfeldci at, [1988], and a synopsisof NO2
measurementstaken during SURE is given by Logan [1989].
Thereareseveralground-basedNO2measurementprogramsthat
coincidewith the time of year andregionof the modelscenario,
from which we can examinemonthly to seasonallyaveragedNO2

observationsand comparewith the model-predictedNO2 as a
checkon qualitativeagreement.As waspointedoutby Fehsenfeld
a a!. [1987, 1988], the hot molybdenum and ferrous sulfate
converters used to convert NO2 to NO in nearly all the
observationsarenot specific to NO2, making the measurements
subjectto interferencesfrom PAN, n-propylni~ate,lll4O~(in the
caseof molybdenumoonverters)and other nitrogen-containing
species.Thereforemostmeasurementsusedin thecomparisonare
probably representativeof NO2+PAN rather than NO~ Aiso,
becauseof the strongdiurnal dependenceof NO2 [Fehsenfeldci
at, 1988; Logan, 1989] dueto changesin thePEL height and
photochemicalreactions,only afternoonaveragesarecompared.

Table 11 summarizespublished 1-5 p.m. EST averaged
observed NO2 with model-calculatedNO2 and NO5 + PAN
averagesof the correspondinggrid averagedover thelast 3 days
of simulation. Of the 13 points compared,only 3 show good
agreement(betterthan25%), while 2 seriouslyoverprediot,and8
underpredict the observedaverageNO~ Although the NO2
observationsarehighly variable(lc standarddeviationsof 60 to
90%of themeanvalues), themodel overpredictionsandnearly
half of the underpredictionsare significant. Clearly, thereare
difficulties with comparing averagesof a 3-day period with
monthly or seasonalaverages,but mostof themodel-derivedNO2
+ PAN valueshavelittle day to day variation. The IndianRiver,
Delaware,site is closeto the Atlantic coastandcanbe expected
to be influencedmeteorologicallyby occasionalon-shoreflow.
Within the model, the correspondinggrid is influenced by
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Fig. 8. The vertical profiles of nitrogen compoundsand 0~avengedfrom 9 a.m. to 5 p.m.
averagedover the continentalre~onof themodel domain.

predominantly westerlyand northwesterly flow over the 4-day
period, and as a consequence,one of the overpredictedsites. The
observedvalue at theFort Wayne,Indiana. site seemsspuriously
low, sincethe summeraverageNO3 observationsof an extremely
remotesite(40 lanWNW of Pierre,South Dakota)with asimilar
instrumentarea factorof 2 higher [N. A. Kelly et at, 1984]. The
eight sites for which NO2+PAN is underpredicted can
simplistically beexplainedby local NO

5
sourcesnotresolvableby

the model. However, the six locations most seriously
underpredicted are from the SURE study, in which the
measurementsareadditionally biasedby a 2-ppbv detectionlimit
[Logan. 1989], and possible l.llO~ interferences from the

10

liST on July 7, 1989, and also

molybdenimi NO
2

converters [Winer a: at, 1974]. The one
measuringprogram operational during July of 1986 at Scotia,
Pemmsylvania,shows very good agreementfor NO

5
and abouta

50% underpredictionfor PAN (Trainer et al., manuscript in
preparation, 1991). The averageNO

5
÷PANunderprediction,

excluding the Scotia and the two overpredictedcomparisons,is
54%. Consideringthe limitations of most of the observeddata,
and the natureof the comparison,this differencewould still fall
within the expecteduncertaintylimits. Obviously, a sufficiently
denseand reliablerural NO

2
data set,coincidentwith theperiod

of modelsimulation,isnecessaryto reducetheuncertaintyin such
a comparison.

TABLE Il. CanparisonB~wennModeledandObservedNO2

Site
Latinade,
Lcngioade

Observation
Dates

Observed”
NO2

Model”
NO5+PAN NO2

Montague,Mass.b
Scranton,p~b
Indian River,DeLb
DuncanFails Ohm”
Rockport,lndP
Giles County,Tenn.~
Fort Wayne.IndP
ResearchTrianglePark, N. C.”
Lewisburg,W.VaP

42.55,72.55
41.38,75.67
38.67,75.25
39.83,81.83
37.92,87.05 •

35.2l, 87.03
41.08,85.17
35.87,79.10
37.78,80.45

Aug. 1, 1977, to Dec.31. 1979
Aug. 1, 1977, to Dcc.31, 1979
Aug. 1, 1977, so Dcc.31, 1979
Aug. 1,1977, to Dec.31, 1979
Aug. 1, 1977. to Dec.31, 1979
Aug. 1, 1977, to Dec.31, 1979
Aug. 1.1977.to Dcc. 31, 1979
Aug. 1, 1977, to Dec.31, 1979
Aug. 1, 1977, to Dec.31, 1979

2.75
6.05
2.08
3.85
8.97
533
0.49
7.00
3.48

2.28
1.80
5.21
2.02
5.2
1.42
1.39
1.56
1.08

1.28
0.92
3.27
1.16
4.49
0.58
0.59
0.72
0.73

WhitefaceMt., N.Y.C
ShenandoahMarl. Park,Va.d
Abbeville, La.d
Scotia,Pa!

4438,73.853867 78.47

29.97,92.13
40.78,77.95

luly 1, 1982, to July 29, 1982
July 14. 1980.to Aug. 15, 1980
Aug. 5, 1979, to Sep. 11, 1979
June25,1986,to July 26, 1986

1,24
1.98
2.96
1.l8~

1.46
1.14
1.47
2.20

0,72
0.41
137
t.29

C~flNo2 and PAN valuesare in ppbv and are 1 to 5 p.m. EST averagesover the saneperiod of observations. Becauseof the probabilityof PAN
interferencein all measurementsexceptattheScotia,Pennsylvania,site [Fehsenfelda at,1983], theobservationsshouldbecomparedto themodel MO,
and PAN.
~SU~ study,Muellerand Hidy [1983]. Only the July avengesgiven by Logan [19891 are presentedhere,
C

7
’~J Kelly eta!. [1984]. WhitefaceMountain is -P1.5 km abovesealevel, andthe modelterrainelevationis 440en. Modelvaluesat the model surface

are given. At —1.5 km above sea level, model valuesof NO
2

andNO
2

+PAN are 0.12 and036 ppbv, respectively.
N. A.Kelly era!. [1984].

‘Fehsenfeidci ~l. [1988].
~TheScotia site oëservarionsare strialy NO~The observedNO

2
+ PAN atScotia,Pcmsylvania,was2.13 ppbv.
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The land area averagedvertical profiles for odd nitrogen
compoundsNO, NO2. NO,. and PAN are shown in Figure 8.
Height profile measurementsof NO5 areessentialfor evaluating
the vertical transport processesand NO2 within the model.
Unfortunately,thereareonly limited observationsof the vertical
distribution of NO,, over theeasternUnitedStatesavailablein the
open literature. Vertical profiles of NO5 madeduring the SURE
study [Blwnenthal a: at, 1984] were measuredwith instruments
having too high a detectionlimit (—1 ppbv) to be of use in
comparisonand areonly published as annuallyaveragedvalues.

NO, fromtwo flights betweenColumbus,Ohio, andSaranacLake,
New York [Bowmana: a!., 1990], showdecreasingmixing ratios
with height, reaching1 ppbv between800 and 700 mbar with
valuesbetween1.5 and 8 ppbv within the PBL Averagedfrom
370 to 42°latitude and 76°to 84°longitude, the model-derived
NO, reaches1 ppb at 2 kin or —780 mnbar, with PBL averagesof
about5 ppb. Thesevaluesarein fair agreementwith theBoatman
et al. observations.Thefew flights over the westerncontinental
United StatesmeasuringNO2 andNO with reliable insirumnents
throughthe Global Tro~sphericExperiment(GTE) [McNea! a

a!., 1983; Beck a: at, 1987] are specific to particular synoptic
conditions,asarethemodel-predictedNO5profiles. Below about
2.5 km. theNO profilein Figure 8 is qualitativelyconsistentwith
continental G~1ZEmeasurements(G. HUbler et at, Air’oome
measurementsof total reactiveoddnitrogen(NO). nabmittedto
Journal of Geophysical Research, 1990) and the midwest
observationsof Pickeringa al. [1988], decreasingafactor of 45
between1 and2.5 lan, with aminimum observedat about2.5 lan
altitude. A C-shapedNO profile for air massesof continental
origin with aminimum occurring above 2 lot is also commonly
observed[Drwnmond a: at, 1988].

In termsof the partitioningof theNO, species.Figure 8 shows
that NO2 accountsfor about 15% of the NO, at 1 km and
decreasesto about8% above3 km. This is somewhatlower that
themeanof 15% for continentalair massesoverthesouthwestern
UnitedStatesobtainedfrom CiTE measurementsbetween1 and
5 Ion altitude (G. Hubleret al., manuscriptin preparation,1991).
However,themodeldoesnotincludeheterogeneouslossof W’403,
which could influencethis quantity at thesealtitudes. At the
surfaoe,NOr PAN, and 131103 account for 50, 10. and 38%,
respectively,of theNO, whenaveragedfrom 9 ~m. to 5 p.m. and
overthe continentalregionsof the modeldomain. In comparison,
the median fractions of Fe.hsenfeld a a!. (1988) (Scotia,
Pennsylvania,summer1986)give 38. 21. and24% for thesame

speciesaveragedoverthe sametime period. ThePAN to NO5ratio is strongly influencedby temperature,whichdiminishesthe
usefulnessof a oomparisonwith averagemodel conditions (it has
abeedybeenshown, in the NO5 comparisonstudy, that for the
model grid box containingScotia,averageNO5 agree±verywell).
However,the model averagePAN÷NO5fractionof NO, is exactly
the median fraction sum of PAN and NO2 that is observed.
Additionally, within the observationsthe sum of the median
fractionsdoesnot equal the medianof the fraction sums,andthe
larger thanobservedH2’403 to NO, fraction maybeindicativethat
the neglectof 131103 remo~alprocessesin the model could be
influencing theseratiosnearthe surfaceaswell.

To see qualitatively how representativethe model is for
regional-scaleNMHC concentrations,we comparesummertime
rural measurementsaveragedover a few weeks or a month to
averagesfrom the correspondingmodel grid in a mannersimilar
to the NO2 comparison. The studies of Scion and Westherg
[1984], Sing/ia a!. [1981] andSeilaa al. [1984] reportindividual

NMI-1C concentrationswithin our model domain andquali~’as
both rural and long-term(>3 weeks). The study of Sermonand
Westherg [1984] includes NMHC measurementstaken near
Belfast,Maine, andRobinson,Illinois. averagedfrom 6 to 9 a.m.
However, at the Belfast site, aromaricswere not measured,and
only a limited number of a,]lcaneswere reported. Sing/i a at

[1981]renortlimitedsummertimeailcaneandaikenemeasurements
takenat theLawrenceville,Illinois, siteof Westherga a!. [1975]
and theElkton, Missouri, site of Rasnucssazat at [1977]. The
rural North Carolina study of SeiZe em a!. [1984] is the most
completein tentsof thenumberof individual NMHC considered.
However,only annualaveragesarereported,althoughno annual
variation in the total NNHC was observed. The five rural
measurementsites of this study were located at ridge and
mountaintops well abovethesurroundingterrain. For this reason,
we comparemodel-derivedquantities at the lowest model level
with thethreesites having the lowest elevation(Linville Gorge.
Rich Mountain,andDeerPark) andbear in mind that theobserved
valuesrepresentlower limits to what is representativeat lower
elevations. Two of thesesites(RichMountainandDeerPark) are
within one 60x60 kin2 grid, arevery similar, and exhibit nearly
identicalNMHC concentrations,so valuesfor thesetwo sitesare
averagedfor the comparison.

Becauseof thespecieslumping within the model formulation,
a comparisonbetweenobservedand model-calculatedNMHC is
practical only if one also considersthe OH reactivity of each
NMHC. The speciesdistributionof the observedanthropogenic
NMHC are therefore lumped into the eouivalentmode! species
using

NMHC lkflMIIc..or[ (7)

wheretheNMHC1 aretheindividual NMHC speciesobscrved,and
k refers to the reactionrate of each hydrOcarbonwith OH. The
choiceof this reactionweightedquantity allows a comparisonof
the 03 production potential from the initial products of the
anthropogenicNMHC. sincetheratesof all R02-NOreactionsare
equivalent(seeTable 8).

Table 12 gives the comparisonof OH reactivity weighted
lumpedNMHC speciesfor the 6 rural sitesjust mentioned. At all
sites except Belfast, Maine, the model roughly equals or
underpredictsreactivity weightedNMHC. Within the model, the
grid representingtheBelfastsite is directly underthe influenceof
continentalsourcesbecauseof persistentwesterly flow, while one
whuld anticipate,for averagesummerconditions,relatively lower
concentrationsdueto its coastallocation andthe formationof a
local sea-breezecirculation. Moreover,iso-pentaneandn-pentane
were theonly speciesmeasuredat this site that fall into thehigh.
alkoneclassof lumped species. The North Carolinasites are in
excellentagreementwith model-predictedtotal reactivityweighted
NMHC. However, this agreement is fortuitous, since the
comparisonis with annuallyaveragedquantities,and all of the
measurementsites were on ridge and mountain tops, which
introducesambiguity in what model level should be used in the
comparison.Nonetheless,the partitioningbetweentheindividual
lumped speciesis reproducedquite well by the model in this
region. The two Illinois sites andthe Missouri site suggestthat
the total NMHC predictedby the model is a factor of 2 to 3 too
low in comparisonto theseobservations,the most significant
difference occurring in the higher alkenes. However, a
quantitativecomparisonis hardto justify whenoneconsidersthe
scatter in the observeddata(Ia standarddeviationsof 125%,

t
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Plate 2. Tne 9 a.m. to 5 p.m. EST avengeNO~for thelowestmodel layer on July 6, 1986 (ppbv).

135%, and 68% of the mean concentrations for propene, ethene,
and i-butane, respectively, in the Sexton and Westberg study).
The scatter in the model-predicted concentrations over the 3 days
of averaging (day to day variations <50% of the mean for any
lumped speciesat these three sites) is somewhatless but still adds
to the uncertainty. We conclude that the partitioning betweenthe
lumped anthropogenic NMHC species within the model,
particularly with respectto the reactivity weighting relevant to 03
formation, is reasonablyconsistentwith the few available rural
observations. It should also be noted that reactivity-weighted
anthropogenicNMHC measurementstaken during the model
simulation periodat the Scotia site show good agreementwith
those predicted by the model for that location (Trainer et al..
manuscriptin preparation.1991). Similar to the casefor NOr
information on the height distribution of NMHC is very scarce.
The only comparable observationsover the easternUnited States

are unpublishedby the investigators. However, they have been
cited by Fishinan at a!. (1985]. Neither the gradients or
magnitudesareconsistentwith thethree-dimensionalmodelresults
averagedover the sameareaas the PersistentElevatedPollution
Episode/NortheastRegionalOxidantStudy (PEPE/NEROS)study
region. Aircraft measurementsfrom Westbergt/Utshul!er. 1989]
are all above the PBL and do not include vertical gradients, just
bulk upwind valuesover Birmingham, Atlanta, Philadelphia. and
New York. Therefore we must defer assessmentof our vertical
NMHC profiles until appropriate observationsbecomeavailable.

The averagemixing ratios of isoprene(±a.pincne) from 9 a.m.
to 5 p.m. calculated for the surface level (centered at 37 m) on
day 3 are shown in Plate 3. The values range from about 0.05
ppbv to I ppbv exceptover the areas affected by oceanicair. The
calculatedconcentrationof isopreneshould be regarded as the sum
of all natural NMHC normalized to the reaction rate constantof

= .5-
.7-

~ .9

.3
.5
.7
.9

Plate3. The9 an.to 5 p.m. EST averageisopmnedistribution for thelowestmodellayeron July 6, 1986 (ppbv).
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TABLZ 12. ComparisonBetweenModeled and ObservedYMEC
with WeightingAccotding to OH Reactivity

Sire ZButanea ZThghAlkane Ethene ZEigh Alkme Total

Belfast,Maineb L6/33c >12/ l2.4~ 6.7/ 2.8 >421 3.0 >19.7/
21~6

d

Robinson,~
1

b 6.9(3.1 17.6/ 14.8 6.7/3.3 16.6/7.4 54.0/ 283
Elkrcn. Mo.’ 3.2/1.3 >40/ 11 6.7/ 1.7 8.5/ 2.6 >23.4! 10.7
Lawr,ceville. ill!
Linville Gorge,N. C!
Rich Mountain. N. C!

12.6/5.6
1.2/2.7
L4/2..6

>12.9/19.7
10.5/ 133
10.7/ 12.2

162/4.7
2.7/2.7
4.7/2.8

25.4/ 9.9
8.4/ 6.4
6.2/ 6.4

>72.4/ 39.9
26.5/ 253
26.7/ 23.9

CObservedvaluesartderivedby weighting individual spedas~,centntions with the OH reaction rates at 2980

K, and summing over the model lumpedNMBC classes.The OH reaction rates aretakenfromJPL 11987]and
Askiason(19851. Calculatedvalues art basedon model concentrations avengedfrom 7 to 9 a.m.EST from July
5, 1986, to July 7, 1986, and weightedwith OH reactionmazesusedin themodel (seeTable 8).6

Sexzonand Wessberg11984]. The Belfast, Maine,measwanent.s were from June to July 1975, and the
Robinson,Illinois, rneasnrenrs were fmm Juneto July 1977. Both setsart 6 to 9 am. avenges.

CAn entries art in the form: (derivedfrom thservations)/(modelderived). All valuesare in unitsofppb (cm
3

molecuW
t s1)x1042.

dAm~uccomnoundswerenot measuredfor sitescontainingthe ‘>“ symbolin thesecolttrnns.
CsjJ,gfl a: at (19811. The Lawrtnceville, Illinois, measurementsoccurredin June1974 and were originally

publishedby Westhergeta!. [19751.TheElkton, Missouri,measurementsoccurredin August-September1975
[Rar,nussen at a!., 1977].
~Sei/aas a!. [1984]. All measurementsoccurredbetweenSeptember1981 andOctober1982,~.d all values

areannualavenges.TheRich Mountainvaluesare a cumpositeavengeof theRich Mountain andDeerPark
observations.All sitesfrom this saidy areat least 3C0 m above the terrain surface of the model

isoprene. Becauseof the high reactivity of isowrenewith OH, its
disuibutionhaslargespatialand temporalvariabilities [Hov, 1983;
Trainer a a!., 1987b]. Also, vertical transportprocesseshavea
dominatinginfluenceon surfaceconcentrations,aswill beshown
in connectionwith the budget analysisof the ozoneprecursors.
The coastal looasionsandthe region aroundLouisianawith high
isoprene are associatedwith shallow PEL heights. Regions of
cloudiness(Figure 2c) alsohavelow PBL heights, adecreasein
the photolytic productionof OH, and henceenhancementsof
isopreneassociatedwith high cloudoptical depths. This is most
obvious in the South Carolina-northernGeorgia area and the
Vermont-New Hampshire region extending north and west into
Canada,whereisoprene.emittingforestsare also located.

3.0

-C
C)
e

-I-

2.5

2.0

L5

1.0

0.5

0.0
.001

Isoprene emission ratesdependsuongly on temperature,and
most of the isopreneobservationswere madeat the surfacenear
sourceareasthat aresubstantiallybelow the altitude of thelowest
level of ourmedel. A largealtitudegradientin isoprenetherefore
compoundsthe difficulty of comparison[Trainer as a!., 198

7
a].

Figure 9cr gives the height disnibutions of isoprene and the
reactivity-weightedsum of theprimary anthropogen.icNMHC for
July 6. 1986, averagedover the daytime(9 an. to 5 p.m. EST)
andover landarea. The mixing ratio of isoprenedecreasingby a
factor of —20 from the lowest layer to the top of PEL (—1.4 kin],
while the reactivity-weightedanthropogenicNMHC haveamuch
smaller gradientanddominatethe naturalNMHC in termsof R02
formation potential above 500 m. At the surface, where03

Isoprene and Anth. NMHC Sum (ppbv)
Fig. 9a. VerticalpcoEesof the9 a.m.-5 p.m. EST avengeisopreneandOH reactionweightedanthropogenicNMIJC (equatico
(7))on July 7. 1986, alsoaveragedover thecontinentalregionof themodel domain.

.0] .1 1.
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Hydrocarbons (ppbv)
Fig. Pb. Vertical profilesof individual anthropogenicNMHC aswell asCO andthealdehydesavengefrom 9 am.-5 p.m. EST
andoverthe continentalregionof themodeldomain, Numbersin parenthesesaretherelativereactionratesof eachNMHC with
OH, nonnatdto theisoprene-OHreactionnte.
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Fig. 9c. Verticalprofiles of the ratesof individual reactionsmostimportantin theloss orproductionof HO2÷RO2.The rates
areavengedfrom 9 a.m- to 5 p.m. and overthe continentalregionof themodeldbmS. All units art in molecule~

productionis a maximum,the naturalNMHC con~ibuteon the
averagenearly twice asmuchas themtthropogenicN1vIHC to the
availableNMHC oxidationproducts.

Figure 9b gives the vertical distribution of the four lumped
NMHC speciesusedin the model,alongwith CO for the lastday
of modelsimulation. ThealdehydesCH2OandCH3CHO arealso

shown for completeness.Below 3 kin, the regionally averaged
concentrationsof thesespeciesarein steadystateafter the third
day. Thereactivity of eachhydrocarbonor aldehydenormalized
to the isoprene-OHreactionmateis also given in Figure91’, from
which it canbe seenthat themagnitudeof the vertical gradients
fcr the primary NMHC are proportional to the OH reactivity.
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From Figures 9cr and91’ it canbe seen that ax the surface,CO
accountsfor 41%, isoprenefor 21%andthealdehydesfor 22%of
the OH conversionto HO2 or R02on the average.Above I Ian,
CO dominates the conversion processes.The higher ailcanes
constitutethe largestanthropogenicR02 sourcenear the surface,
andbutanesdominateat higheraltitudes.

In tm-ms of 03 photochemicalproduction, the productof the
relativeOH reactionratesandthemixing ratiosin Figure91’ gives
therelativeimportanceeachNMHC contributesto peroxyradical
formationfromthe primaryNMHC oxidationstep. However,one
must also consider that the aldehydesas well as ketonesarethe
products of primary and secondaryNMHC oxidation steps.
Additionally, since the reactionsof NO with the organicperoxy
radicalshaveHO2 orRO2asproducts,more thanone03molecule
can be producedfor every NMHC moleculeoxidized by OH.
From a more fundamentalpoint of view, the sum of OH, HO2,
and R02 is directly proportional to 03 production [Kleinman.
1986; Trainer a: at, l987a}, in which casethe primary NMI-IC
oxidationstepssimply convertHO2 to RO2. Figure 9c showsthe
9 am.-5 p.m. (EST), and continental area averagevertical
distributionsof themain productionandlosstermsfor the sumof
HO2 andItO2. Thenet losses(theloss minusthe productiondue
to reactionsthatreturn HO5 andRO2) dueto PAN andperoxide
formation areshownto illustratetheneteffectof theseprocesses.
TheO1D÷H20reactionaccountsfor amajority of the production
throughout the lower troposphere, although formaldehyde
photolysis accountsfor about20% throughout the lower 6 kin.
The OH+NO2reaction((R29) in Table8) is an importantloss for
the sum of HO5 andItO2 at the surfacebut falls off quickly with
altitude as NO2 decreases.Therecombinationreactionsof HO2
with itself and ItO2 to form peroxidesare important throughout
the lowest6 1cm. Onthe average,netPAN formationconuibutes
little to the radical loss, with an averagemaximuminfluenceof
about9%at 200 m.

3.3. The Budge:and Pho:ochenticalGeneration
of Ozone

In this section,factorsinfluencing03 productionax thesurface
andthroughoutthe PBL on a regionalbasisare examined,along
with simple budgetstudies aboveandwithin the PBL of O~and
its precursors.

The horizontalvariationsin the diurnally averaged(day3) net

°~productionareshownfor boththelowestlayerandthe0-1800
m averagein Plates4cr and 41’. One suildng featurein both
figures is that the variability of net 03 formation is relatively
small (lessthana factor of 4) overlargeregionsof thecontinent.
Onecan concludethat 03 formationoverrural areasrepresentsa
significant fraction of the total 03 being produced. Due to
elevatedNO2 sourcesfrom powerplants,arelatively high rateof
03 formation alongtheOhio Rivervalley is evidentin 0-1800in

average,but is absentin the0-80 malayer. Similarto the casefor
the isoprenedistributions, the regions of cloudinessshown in
Figure 2c havesuppressed03 formation nearthe surface. There
is someindicationin Plate4a,particularlyalongthewestemedge
of the cloudy regionin the southeasternUnited States,that 03
formation is enhancedjust outside the cloudy region, where
relatively high I4O~levelscausedby thereducedphotochemistry
beneaththe cloud (seealso Plate 2) arebeing advectedinto the
cloud-freeregions. Also in Plate4cr, isolatedregions near the
southernandsouthwestborderappearto actasstrongsourceareas
that influencelocal 03 formation. While enhanced0~formation
is expectedin thesestrongsourceregions,difficulties in predicting

the PBLheightnearbordersandcoastallocationsdo not allow us
to haveconfidencein ourpredictionsfor theseregions.

If onecomparestheNO2 distribution in Plate 2 to thenet 03
formationin Plate4

a, theregionsof highestnet 03 formation are
generally adjacentto urbanlocationswith strong NO2 sources.
Theinfluenceof theBoston-Washingtoncorridor extendsinto the
Atlantic and slightly southwardinto easternVirginia, consistent
with the air flow depicted in Figures 2cr and 21’. The general
patternof net 03 formation maximums associatedwith strong
urbansourcesis also apparentin Plate 41’. However, Plate 41’
shows that averaged over the lowest 1800 in, the net 03
productionis moreextensivethroughthe Ohio andPennsylvania
regionthanis evidentin just the surfaceplot This corresponds
to thecenterof thehigh-pressureregionwherePBLheights area
maximum andis thereforethe regionwhere03 precursorshave
the highestpotentialfor influencing the columnbelow 1800an.

Averagingoverthecontinentaldomain andfrom 0 to 1800 an.
85% of the net 03 formation occursbetween9 am. and5 pin.,
EST. A majority of the03 photochemicallylost over thediurnal
cycle (60%)also occursduring this time. Thereforethe diurnal
averagesin net03 formationaredominatedby thephorochemistay
occurring during this 8-hourperiod. Net photochemioalloss is
observedduring the nighttime hoursbetween9 p.m. and5 a.rn.,
largely due to the formation of NO3 and N2O5 from the 03
reactionwith NO2 andthe subsequentloss of N2O5 to aerosols
andNO3reactionswith naturallyemittedNMHC to form organic
nitrates. However, the total 03 photochemicallylost dwing this
8-hourperiod is only 18% of the total 03 lost over the diurnal
cycle.

In order to understandphotochemicallythe behavior of 03
formationwith respectto ambientNO2 levels,we examinethenet
03 formationratesat aparticulartime. Figure lOashowsascatter
diagramof the netO~productionat 1 p.m. EST on the fouth day
for the lowestmedellayer as a function of NO2 concentration.
Only datawith no overheadcloudinessare considered. The
different symbols correspondto the levels of (natural plus
anthropogenic)NMHC mixing ratios with the anthropogenic
NMHC weightedby OH reactivity, and normalized to that of
isoprene(equation(7)). It canbe seenfrom Figure lOa thatnet
photochemical03 productiongenerallyincreasesasNO2increases
from 0.1 to —2 ppbv. Although therearerelatively few points
with NO2 values> 4 ppbv, thereis a general trend for net03
productionto decreasewith increasingNO2abovethisvalue,with
the magnituderelatedto the amountof precursorNMHCs. For
NO2 lessthan 1 ppbv,muchof thescatterin Figure lOa is dueto
scatterin the03 loss term, while above1 ppbv the 03 production
termdominatesthenetphotochemistyandaccountsfor amajority
of the scatter. As was discussedby Trainer at al [1987a,bJ at
NO2 levels lessthan —1 ppb, 03 productionis limited by NO2
availability, while at higher NO2 levels, 03 productionis quite
sensitiveto the ambientNMHC to NO2 ratio. Thelargescatterin
the NO2 mange3-10ppb for a particularrangeof NMHC shows
that factorsotherthantotal NMHC also influenceproduction. To
agood approximationthenet 03 productionis simply thesum of
the reactions:

(R24)

(R66,R83,R85,R89,
R91,R93,R113,Rl15)

NO + ItO2 -+ N02+ OH

NO ÷RU2 —* NO2 + products

An analysisof individual terms at NO2 — 7 ppbv shows that a
largepart of the variationcanbe explainedby differencesin the
HOx productionsequence:
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Plate4a. Thenet03 productionminus loss (unitsofppbv If’) diurnally avengedfrom 1200UT, July 6, 1986, to 1200 UT, July
7, 1986, for thelowestmodellevel (—37 m).
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Plate4b. The net03 productionminus loss (unitsof ppbv If’) diurnally averagedfrom 1200 UT, July 6, 1986, to 1200 UT, July
7, 1986, andalso avengedoverthelowest sevenmodel layers (—1800m abovethe surface).
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(R8)

03 + hv -~ O’D + 02

O1D + 1120 — OH + OH

with (ItS) varying by more than a factor of 2 betweenhumid
southernsites, andrelatively dry northern sites with equivalent
NOr 03, andNMHC levels. The formation rate for thesum of
ItO2 and HO2 is also influencedby variationsin formaldehyde
levelsandits subsequentphotolysis to yield HO2 (NO in Table
8). Sinceformaldehydeproductionis siguificandyinfluencedby
ItO2 abundance,andsinceisopreneoxidation is thefastestpathto
ItO2 formation, the ratio of isopreneto anthmopogenicNMHC

- contributesto the variation for a given total NMHC amount.
Variations in ketone and higher aldehyde abundancesmake
additional ntor contributions to the scatter. For the midday
conditions within the model, PAN andNO2 are essentiallyin
equilibrium, so the netPAN formation accountsfor less than 0.5
ppb h1 at any NO2 level in Figure I Ocr. 03 itself caninfluence

HO~andhence03 production through the reactionsequence
(PO3D) and(Its). However,aswaspointedout by Fishmanat a!.
[1985], its inunediateimpact can be mitigated somewhatby
affectingtheNO balancethroughthe reaction

(R26) 03 + NO -9 NO2 + 02

Thedecreasein 03 photochemicalproductionfor NO2 levels>
5 ppbv in Figure 10cr is dueto a precipitousdrop in peroxyradical
concentrationsfor NO2> 2 ppbv. as illustrated in Figure 101’.
This behavior in the -sum of R02 and HO2 is largely a
consequenceof the NMHC to NO2 ratio that is characteristicof
the emissionsinventory and transportprocessesinfluencing the
concentrationsof theseprecursors. On the basis of the mean
carbonnumbersfor eachof the modelNMHC classes[U.S.EPA,
1989] andassumedconcentrations(basedon averageemissions)
of other speciessuchas ethaneandpropanenotconsideredin the
model,we calculateanNMHC to NO2ratio between7 and1 (ppb
C pp&1 NO2) with anaverageof 4 whenNO5> 10ppbv between
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7 a.m. and9 a.m. (EST). Thus the decreasein On productionat
higher NO2 levels is consistent with EK1MA type box model
studies [Dodge. 1977;LL’z et a!., 1988] in whichlow NMHC to
NO5ratiosdo not allow enoughHO2 andItO2 formationto stay
aheadof the odd-hydrogenloss through

(R29) OH + NO2 -# HNO3
.Seinfeldt1988] also concludedthat NMHC to NO5 ratiosof 3 or
4 arecharacteristicof easternU.S. urbancounties,on the basis of
the sameemissionsinventory, but theseratios are significantly
lower than themedianratiosof 7 to 15 thatareobservedfor urban
regions in the easternUnited States [Seinfeld, 1988; A!tshtd!er.
1989]. Possiblecausesof this discrepancyhavebeendiscussedby
Altshuller [1989] andinclude the neglectof evaporativeNMHC
emissionsin the NAPAP emissionsinventoryandtheinfluenceof
the nocturnalinversionheight in separatingNO.. emissionsfrom
power plants with surface emissionsof NMHC during early
morninghourswhentheNMHC to NO5 ratiosaremeasured.The
effects of an underestimationin the anthropogenicor natural
NMHC emissionson net 0~formation, as well as a detailed
analysisof thediumal dependenceof theNMI-IC to NO2 ratio, are
beyond thescopeof this study andare left for future work.

Themodelhasalsobeenusedto studythebudgetof 03 andits
precursorsfor thesametime period, with emphasison the average
large-scalepictureof the processesaffecting the various species.
In this easewe againaverageover the continentalregionwithin
the modelbordersandalso considerthehorizontal flux of species
off the Atlantic coast aswell as to continentalgrid points along
the model borders. The net changesdue to vertical transport
(odvection, diffusion, and PBL mixing). photochemistry,

emissions,arid depositionare then summedover grid points and
24 hours to derive a layer averagechangefor each individual
process over 1 day. L.ayers oan be summed or looked at
individually to obtain insight on the averagemagnitude and
imoortanco of each process for different scales of vertical
resolution. Resultsfor 03. NOr isotrene.andhigheralkanesare
shownin Figures 11-14for the diurnal cycle beginning2½days
after modelinitiation. We havechosento presentresultsfor the
bottomlayer (0-75 m), the lowest 1800m (bottomsevenlayers),
and the1800.3600ci layer. The averagemixing ratiosat the end
of thediurnal cyclearealso shown,with units of the accumulated
diurnalchangesgiven in ppbv d~’.

As shownin Figure 11, the amountof 03 in the bottom layer
is largely controlledby depositionandphotochemicalproduction,
although photochemicalloss and vertical diffusion from above
(primarily at night) each contribute —30% ~ the net loss and
source resoectively. Averaging over the bottom 1800 m,
photochemistryand flow out over the Atlantic determinethenet
balance with a turnover time of 1.5 days. The chemical
production in figure 111’ correspondsto a continentalaverage
production rate of 1.1>4012 moleculecm2 ~ This value is
somewhatlower than the 1.48>4012moleculecm~2~4 due-to
anthropogenicNO2 emissionsdeducedby Fishmanet a!. [1985]
from one-dimensional calculations based on summertime
conditionsin the easternUnited States. Also, since 70% of the
total NO5 emissionsin the continentalUnitedStatesoccurwithin
our model domain, the production rate is consistentwith the
estimateof 1>4012moleculecm2 s’~averagedover the United
Statcs during summerby Liu et a!. [1987] dueto anthropogenic
NO5 emissions. About 25%of the 03 formedbelow 1800 m is

Ozone

Deposition

Fig. 11. Thebudgetof 03 overthediurnal cyclefrom 1200 UT cii July 6, 1986, to 1200 UT cc July 7, 1986, averagedover
continentalregionsof themodel do,nain. Budgetsarcshownfor threeheight layers:(a) thesurfacelayer.(1’) thelayerextending
from 0 to 1800 m abovethe surface,and (c) the 1800 to 3600 m layer. Arrows indicatethedirectionof vertical flux affecting
thelayer. -
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Fig. 14, Thebudgetofbigher-ailcanesoverthe diurnal cyclefrom 1200 UT on July 6, to 1200UT on July 1, 1986,avengedOver
continentalregionsof the modeldomain. Budgetsareshownfor threeheightlayers:(a) thesurfacelayer. (b) thelayerextending
from 0 to ISCOmabovethe surface,and (c) the 1800 to 3600 m layer. Arrows indicatethe directionof verticalflux affecting
thelayer.

advecredout over the Atlantic between35°and 45°latitude.
Within theseheight and latitude limits this correspondsto an
averagehorizontalflux of 3.2x1014moleculecm2 ~ Between
1800 and 3600 in the turnover time increasesto —8 days, and
vertical advection of 03 from higher layers balancesa net
photochemicaltoss anda small loss out of the boundaries. The
netdownwardmotionassociatedwith thehigh-pressureconditions
of this study has only a minor influencein termsof downward
advecrionof 03 from the middle troposphereto the lowest1800
m. However, these conditions are favorable to 0~precursor
buildup and consequentlythe large03 productionevidentbelow
1800 m.

NO2, isoprene,andhigherailcanesare controlledprimarily by
emissionsandverticalmixing in the bottom layer. For NO2 the
interconversionwith PAN accoimtsfor mostof thephotochernical
productionand loss terms. However, layer averagedPAN is
essentiallyin equilibrium below3600 in. The net phorochemical
NO2 loss is due to reaction with OH, except at the very bottom
layer where10% of thephorochemicalNO2 loss in Figure 12ais
dueto organicnitrateformation (4% for the 0-1800 in average).
For the 0 to 1800 m layer, all three precursorsare controlled
primarily by emissionsand chemical loss, with loss to the
boundariescontributing about 25% to the relatively loyig-lived
higheralicanes.

Transportof pollutantsandtheir precursorssuchas NO2 and
NMHCs to the upper troposphereis amajor concembecauseof
thepotentialfor long-rangetransport.Thephorochernieallifetimes
of pollutants such as 03 and PAN becomessignifloandy longer at
higheraltitude, and concurrently,the wind speedincreaseswith

altitude. For the caseshownin Figures 11-14, only 1% of the
NO2 and 3.5% of the higher ailcanes that are emitted near the
surfacearetransportedabove 1800m. The flux of PAN above
1800 m (not shown) is about 25% larger than that of NO2, so
—2.25% of the emittedNO~is transportedabove1800m. In the
1800-3600in layer, NO2 and higher ailcanes are transportedby
advectionfrom below with turnover timesof the orderof athy,
despitethegeneraldownwardadveotionassociatedwith thehigh-
pressureconditions. However, the fluxes associatedwith the
advection process are relatively small, so the precursor
concentrationsin this layerare low enoughto effectivelysuppress
03 production. Isoprenelevels in this layer averageabout 0.3
pptv (partsper trillion by volume),duelargelyto themixing ratios
specifiedon the continentalboundariesat this height (—2 pptv).
Within the model,vertical diffusion coefficients abovethe PBL
are set to fairly small values (1 m2

~1), according to the
backgroundverticaldiffusioncoefficientsrecommendedby Zhang
andAm,

t
ws[1982). Thereforethe influenceof vertical diffusion

is expectedto besmall at all heightsexceptcloseto the ground,
wherelargegradientsandhigherverticaldiffusion coefficientscan
be present. Gidel (19831 andChatfieldandCrwzen[19841 found
that themosteffectiveverticaltransportis probablyvia convective
clouds. Our choiceof a high-pressureenvironmentmay lead to
slowervertical transportrelativeto the averageconditionsin the
summer.Altemadvely,sincesubgrid-soalecumulusconvectionis
ignorodin themodel formulation, theseresultsrepresenta lower
limit to the amountof precursormaterial that may actually be
transportedupward from below 1800 in. As was mentioned
previously,theeffectsthatsubgrid-sealecumulusconvectionand
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other mixing processesat the PBL boundarymay haveuponthe
transportof 03 andits precursorsbetweenthe PBL andthe free
troposphere are left for future work, when adequate
parameterizationsfor theseprocessesbecomeavailable.

By looking at the total changeover the 1-day time period in
Figures11-14,it is obviousthatbelow3600m themodelis nearly
in steady state with respectto continental averages. The one
exceptionis a15% increasein higherailcanesfor the 1800-3600
m layer, due to the fact that the characteristictransportbetween
the PBL andthelayers aboveis muchlonger thanthe 3 daysthe
model has beenrun. A judicious choice in the initial condition
accountsfor the lack of changein the 1800-3600in 0~,while
isoprene and NO2 have relatively fast photochemistry that
dominatesthe chemistry-transportcoupling below3600 in. The
fact that there is no significant trend in 0~and its precursors
below 1800 m leads us to believe that the 03 mixing ratios
predictedon the third andfourth daysarenot influencedby the
initial conditionsor the time from initiation.

4. SUMMARY AND CONCLUSIONS

We have developed an Eulerian regional-scale three-
dimensionalmodel that incorporatesresults from a mesoscale
meteorologicalmodel with a photochemioalmechanismand a
transport algorithm to simulate abundancesof several key
atmosphericspeciesover a given 4-day time period. Becauseof
the high temporal resolution of the predicted meteorological
variables,amorefundamentaltreatmentofboundarylayergrowth,
anda muoh largervertical extent, the modeldiffers significantly
from previousthree-dimensionalmodels usedto study rural 03
[Lie et al., 1984;Lamb,1983].

Model performanceis testedby comparing model derived03
values during the aftemoon to those observedby the EPA
monitoring network on the samedays. In this way, the spatial
variability of 03 betweenthetwodatasetsover a largeregioncan
be compared.Ia general,the magnitude,looarion, andmovement
of the highest03 concentrationsobservedon July 6 and7, 1986,
arereproducedwell by themodel. Regionsof low 03 associated
with flow from the Atlantic Oceanthat is well removedfrom the
model boundaries are also well simulated. The correlation
coefficient betweenthe two data sets increasesas the model
progresses,with avalueof 0.58 (statisticallysignificantabovethe
99.9% level) obtainedon the last 2 days of the 4-day period.
Although this correlationis less than what we would like, an
analysisof the observed03 valuesoverthe4-hourperiodusedin
the calculationsrevealslargetemporalandspatialvariationsover
a 60x60 ~2 area. These variations are presumably due to
subgrid-soalefeatures such as topography,location relative to
anthropogenicsources,andmicrometeorologicalfactorsthemodel
is unableto resolve. The modeltendsto consistentlyoverpredict
03 in regionswherecumuluscloudswere observedto bepresent,
presumablyowingto theabsenceof asubgridcumulusconvective
parameterizationschemewithin themodel formalism. Themodel
consistently underprediots0~along the easternU.S. seaboard,

- south of Long Island. This is also a region where observed
NMHC to NO2 ratios aremuchhigher than thosegiven in the
1985NAPAP emissionsinventory. A sensitivity runwith NNHC
emissionsincreasedby a factor of 4 eliminated much of the
predicted versus observed 03 discrepancyin this region. A
comparison betweenmodel predicted NO2 and NMHC with
relativelylong termmeasurementsprovidesaqualitativemeansof
assessingthe model’s ability to predict these 03 precursorS.
However, there are only a limited numberof measurementsof
both NO2 and NMHC in rural areas. The 13 NO2 comparisons

show that the model tendsto underpredictthe long terraaveraged
observations,but tendsto fall within the largeuncertaintylimits
associatedwith most of the observedNO2 data. For the one
measurementprogramoperationalduring the simulation period,
NO2 averagesagreequite well. Thesix setsof observationsused
in theNMHC comparisonshowthat therelativepartitioningof the
speciesusedin thelumping schemeis reproduoedfairly well, but
thattheabsoluteamountof anthropogenicNMHC predictedby the
model is somewhatless than that observed, However, large
variations width-i the observationsand model data precludea
meaningfulquantitativecomparison.

Art analysis of the 03 photochemicalterms for clear sky,
continentalareasshowsthat 03 productionis NO2 limited over
muchof the model domain, and that midday net 03 production
generallydecreasesas NO2 valuesincreaseabove5 ppbv. This
decreaseis mostly due to the suppressionof peroxy radical
formation due to the low NMHC to NO2 ratios inherentin the
NAPAP emissionsinventory. Thenet03 productionfor relatively
high NO2 valueshas alargedegreeof variability due to ambient

NMHC concentrations,water vapor. isoprene abundance,and
oxidation intermediatessuchasCH2O.

When results of the model are used to analyze individual
prooesseswith respect to diurnal and layer averagesover the
continent,it becomesapparentthat the choiceof ahigh-pressure
period,andpossiblytheneglectof subgrid-soalecumulustransport
within the model formalism, leadto very litde transportof 03
precursorsabove 1800 in. Although the averageO~transportis
downwardat 1800 in becauseof thenetadvectionassocietedwith
the high-pressureconditions, this - flux is unimportant in
comparisonwith the 03 photochemicallyproducedwithin the
PBL. We calculatean 03 tumovertime of about1.5 daysdueto
0~production below 1800 in that is largely balanced by
phorochemicalloss andtransportout over the ocean.

While this study focuseson the large-scaleregionalaspectsof
03, its precursors,and its foirnation, the model results contain a
vast amounE of information on the various photochemicaland
physicalprocessesaffectingthechemistryat individual points. A
companionpaper(Traineret aL, manuscriptin preparation,1991)
will consider a more detailed look at these processesfor a
particular location with extensive, simultaneous,high-quality
measurements.It shouldbeemphasizedthattheresultspresented
herearebasicallyfrom onesimulation. In this sense,theseresults
representabaselinecase,from whichfurther improvementsin the
modelcanbe compared,

Several aspects of the model formulation involve
approximationsand assumptionsthat contribute to the overall
uncertaintyin the 03 predictions. In termsof the model’sability
to accuratelydescribethe dynamicmeteorology,the omissionof
importantverticalexchangeprocesses(i.e., subgrid-soalecumulus
mixing) may seriouslyimpactsynoptic-scale03 predictions. The
testing and assessment of reliable cumulus convection
paraineterizationsis therefore anticipated. With respect to
computational procedures,the numerical algorithm used to
transportindividual speciesis knownto havesignificantnumerical
diffusion associatedwith it. Although the dominant transport
processaffecting03 anditsprecursorsin the lowest 1 km is from
convectivemixing within the PBL further tests with advective
transportalgorithms that do not containnumericaldiffusion are
necessaryto fully assessits impact. The dependenceof the
overall resultson grid resolutionis aLso anotherareaof concern
theE we intend to address. With respect to the chemical
mechanismused in this study, there are severalaspectsof the
lumping procedurethatneedto be testedwithin the frameworkof
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three-dimensionalsimulations to assessthe uncertaintiesin the
productionsof 03 and its precursors. Currently, computational
resource constraints prohibit a more robust treatmentof the
complexohotcchemistryassociatedwith anthropogenicandnatural
NMHC. Despite the uncertaintiesintroduced from all of the
considerationspresentedabove, the model containsthe essential
andimportantelementsrelatedto thetransportandphotochemistmy
of 03. 1st this sensetheresultspresentedin this work canprovide
a referencefor future studies of the budgetanddistribution of
rural ozone.
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